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PREFACE. 



The lectures now published were delivered before 
the Lowell Institute, in Boston, in the autumn of 1872. 
They aimed to present the modem theories of chem- 
istry to an intelligent but not a professional audience, 
and to give to the philosophy of the science a logi- 
cal consistency, by resting it on the law of Avogadro. 
Since many of the audience had studied the elements 
of chemistry, as they were formerly taught under the 
dualistic system, it was also made an object to point out 
the chief characteristics by which the new chemistry 
differed from the old. The limitations of a course of 
popular lectures necessarily precluded a full presenta- 
tion of the subject, and only the more prominent and 
less technical features of the new system were discuHSfjd. 
In writing out his notes for the press, the author Iiuk 
retained the lecture style, because it is so well ttdajiifid 
for the popular exposition of scientific subjcctn; but ho 



PREFACE. 

is painfiilly conscious that any description of experi- 
ments must nccessiirily fall far short of giving that force 
of impression which the phenomena of Nature produce 
when they speak for themselves, and, in weighing the 
arguments presented, he must beg his readers to make 
allowances for this fact. 

Caudridoe, September 6, 1873. 
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THE NEW CHEMISTRY. 



LECTURE L 

MOLECULES ASJy AT0GADEC»*5 LAV. 

In every physical science we have carefdDy to dis- 
tinguish between the &cts which form its Enbjeet-ru&i- 
ter and the theories by which we attempt to exjl-in 
these facts, and group them in onr scientific systeris. 
The first alone can be regarded as absolute know^e^ii^e. 
and such knowledge is immutable, except in so far as 
subsequent observation may correct previoi:s error. 
The last are, at best, only guesses at truth, an-l even 
in their highest development, are subject to limitations, 
and liable to change. 

But this distinction, so obvious when stated, is cf^en 
overlooked in our scientific text-books, and not without 
reason, for it is the sole aim of these elementary 
treatises to teach the present state of knowledge, and 
they might fisdl in their object if they attempted, by a 
too critical analysis, to separate the phenomena from 
the systems by which alone the facts of Nature are 
correlated and rendered intelligible. 

When, however, we come to study the history of 
science, the distinction between feet and theory ob- 
trudes itself at once upon our attention. We see 
that, while the prominent facts of science have re- 
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inaincd the same, itB history has been marked by veiy 
freciuent revolutions in its theories or systems. The 
courses of the planets have not changed since they 
were watched by the Chaldean astronomers, three thou- 
sand years a<;o ; but how differently have their motions 
been explained — first by llipparchus and Ptolemy, 
then by Copernicus and Kepler, and lastly by Newton 
and Liplace ! — and, however great our faith in the law 
of universid gravitation, it is difficult to believe that 
cviMi this grand generalization is the final result of 
a»?tr()noniical science. 

Let me not, however, be understood to imply a be- 
lief that man cannot attain to any absolute scientific 
truth ; for I believe that he can, and I feel that every 
great generalization brings him a step nearer to the 
promised goal. Moreover, I sympathize witli that 
beautiful idea of Oersted, which he expressed in the 
now familiar ])hra8e, *' The laws of Nature a/re ihs 
thoughts of God;^^ but, then, I also know that our 
knowledge of these laws is as yet very imperfect, and 
that our human systems must be at the best but very 
partial expressions of the truth. Still, it is a fact, wor- 
thy of our profound attention, that in each of the physi- 
cal sciences, as in astronomy, the successive great gen- 
eralizations which have marked its progress have in- 
cluded and expanded rather than superseded those which 
preceded them. Through the great revolutions which 
have taken place in the forms of thought, the elements 
of truth in the successive systems have been preserved, 
while the error has been as constantly eliminated ; 
and so, as I believe, it always w^ill be, until the last 
generalization of all brings us into the presence of that 
law which is indeed the thought of God. 

There is also another fact, which has an important 
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bearing on the subject we are considering. Almost 
all the great generalizations of science have been more 
or less fiilly anticipated, at least in so far that the gen- 
eral truth, which they involve has been previously 
conceived. The Copemican theory was taught, sub- 
stantially, by the disciples of Pythagoras. The law 
of gravitation was suggested, both by Hooke and 
Cassini, several years before Newton published his 
** Principia ; " and the same general fact has been 
recently very markedly illustrated in the discovery of 
the methods of spectrum analysis, every principle of 
which had been previously announced. The history 
of science shows that the age must be prepared before 
really new scientific truths can take root and grow. 
The barren premonitions of science have been barren 
because these seeds of truth fell upon unfruitful soil ; 
and, as soon as the fullness of the time was come, the 
seed has taken root and the fhiit has ripened. No 
one can doubt, for example, that the law of gravitation 
would have been discovered before the close of the 
seventeenth century if Newton had not lived ; and it is 
equally true that, had Newton lived before Galileo and 
Kepler, he never could have mastered the diflScult 
problems it was his privilege to solve. We justly honor 
with the greatest veneration the true men who, having 
been called to occupy these distinguished places in the 
history of science, have been equal to their position, 
and have acquitted themselves so nobly before the 
world ; but every student is surprised to find how very 
little is the share of new truth which even the greatest 
genius has added to the previous stock. Science is a 
growth of time, and, though man's cultivation of the 
field is an essential condition of that growth, the de- 
velopment steadily progresses, independently of any in- 
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dividual investigator, however great his mental power. 
The greatest philosophical generalizations, if prema- 
ture, will fall on barren soil, and, when the age is 
ripe, they are never long delayed. The very discoYery 
of law is regulated by law, or, as we rather believe, is 
directed by Providence ; but, however we may prefer 
t(j represent the facts, this natural growth of knowl- 
edge gives us the strongest assurance that the growth 
is sound and the progress real. Although the foun- 
dations of science have been laid in such obscurity, its 
students have worked under the direction of the same 
guiding power which rules over the whole of Nature, 
and it cannot be that the structure they have reared 
with so much care is nothing but the phantom of a 
dream. Still it is true that, beyond the limits of direct 
observation, our science is not infallible, and our theo- 
ries and systems, although they may all contain a ke^ 
nel of truth, imdcrgo frequent changes, and are often 
revolutionized. 

Through such a revolution the theory of chemistry 
has recently passed, and the system which is now uni- 
versally accepted by the principal students of the sci- 
ence is greatly different from that which has been 
taught in our schools and colleges until within a few 
years. I have, therefore, felt that the best service I 
could render in this course of lectures would be to ex- 
plain, as clearly as I am able, the principles on which 
the new philosophy is based, and to show in what it 
differs from the old. I have felt that there were many 
who, having studied what we must now call the old 
chemistry, would be glad to bridge over the gulf which 
separates it from the new, and to become acquainted 
with the methods by which we now seek to group to- 
gether and explain the old facts. 
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Those who studied the science of chemistry twenty 
years ago, as it was taught, for example, in the works 
of the late Dr. Turner, were greatly impressed with 
the simplicity of the system and the beauty of its no- 
menclature. Until within a few years the same could 
not be said of our modem chemistry. It has been 
passing through a process of reconstruction, and dis- 
played the imperfections of any half-built edifice ; but 
it has now reached a condition in which it can be pre- 
sented with the unity of a philosophical system. Our 
starting-point in the exposition of the modem chemis- 
try must be the great generalization which is now 
known as the law of Avogadro, or Ampere. This 
law was first stated by Amedeo Avogadro, an Italian 
physicist, in 1811, and was reproduced by Ampere, a 
French physicist, in 1814. But, although attained 
thus early in the history of our science, this grand 
conception remained barren for nearly half a century. 
Now, however, it holds the same place in chemistry 
that the law of gravitation does in astronomy, though, 
unlike the latter, it was announced half a century be- 
fore the science was sufficiently mature to accept it. 
The law of Avogadro may be enunciated thus : 

Equal volumes of all substances, when in the 

STATE of gas, AND UNDER LIKE CONDITIONS, CONTAIN THE 

SAME NUMBER OF MOLECULES {Avogodvo, 1811 — ArrvperCy 
1814). 

The enunciation of this law is very simple, but, be- 
fore we can comprehend its meaning, we must under- 
stand what is meant by the term molecule. This 
word is the one selected by Avogadro in the enuncia- 
tion of his law. It is obviously of Latin origin, and 
means simply a UtUe mass of matter. Ampere used in 
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itH place the word jHirficley in precisely the same sense, 
lititii worils si^iiity the smallest mass into which any 
Kiihrituncc is capable of being subdivided by physical 
processes ; that is, by processes which do not change its 
chemical nature. In many of our text-books it is defined 
as the smallest mass of any substance which can exist 
by itself, but both definitions are in essence the same. 

As this is a very imi»ortant iH)int, it must be fiilly 
illustrated. In the first jJace, we recognize in Nature 
a great variety of different substances. Indeed, on 
this fact the whole science of chemistry rests ; for, if 
Nature were made out of a single substance, there 
could be no chemistry, even if there could be intel- 
ligences to study science at all. Chemistry deals 
exclusively with the relations of different substances. 
Now, these substances present themselves to us under 
three conditions : those of the solid, the liquid^ and the 
gas. Some substances are only known in one of these 
conditions, others in only two, while very many may 
be made to assume all three. Charcoal, for example, is 
only known in the solid state ; alcohol has never been 
frozen, but can easily be volatilized ; while, as every 
one knows, water can most readily bo changed both 
into solid ice and into aeriform steam. Let me begin 
with this most familiar of all substances to illustrate 
what I mean by the word molecule. 

When, by boiling under the atmospheric pressure, 
water changes into steam, it expands 1,800 times ; or, 
in other words, one cubic inch of water yields one 
cubic foot of steam, nearly. Now, two suppositions 
are possible as modes of explaining this change. 

The first is, that, in expanding, the material cf the 
water becomes diffused throughout the cubic foot, so 
as to fill the space completely with the substance we 
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call water, the resulting maBS of steam being absolutely 
homogeneous, so that there is no space withm the cubic 
foot, however minute, which does not contain its prop- 
er proportion of water. 

Tfie second is, that the cubic inch of water consists 
of a certain number of definite particles, which, in the 
process of boiling, are not sabdirided, so that the cubic 
foot of steam contains the same number of the same 
particles as tlie cubic inch of water, the converBion of 
the one into the other depending simply on the action 
of heat in separating these particles to a greater dis- 
tance. Hence the steam ia not absolutely homogene- 
ous ; for, if we consider spaces sufficiently minute, we 
can distinguish between such as contain a particle of 
water and those which lie between the particles. Now, 
the small masses of water, whose isolation we here as- 
sume, are what Avogadro calls molecules, and, follow- 



16 



MOLECULES AND AVOGADBO^ LAW. 



Fio. 2. 



ing his antliority, we shall designate them hereafter ex- 
clusively by this word. 

The rude diagrams before you will help me to make 
clear the xiifference between the two suppositions I 
have made. In the first (Fig. 1), we assume that the 
material of this cubic inch is uniformly expanded 
through the cubic foot. In the other (Fig. 2), we have 
in both volumes a definite number of molecules, the 
only difference being that these dots, which we have 
used to represent the molecules, are more widely separa- 
ted in the one case than in the other. Now, which of 
these suppositions is the more probable ? Let ns sub- 
mit the question to the test of experiment. 

We have here a glass globe, provided with the ne- 
cessary mountings — a stop-cock, a pressure-gauge, and a 
thermometer — ^and which we will assume has a capacity 
of one cubic foot. Into this globe we will first pour one 
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cubic inch of water, and, in order to reduce tlie condi- 
tions to the simplest possible, we will connect the 
globe with our air-pump, and exhaust the air, al- 
though, as it will Boon appear, this ia not necessary for 
the Buccess of our experiment. Exposing, next, the 
globe to the temperature of boiling water, all the 
liquid will evaporate, and we shall have our vessel 
filled with ordinary Bteam. If, now, that cubic foot of 
space is really packed close with the material we call 
■water — if there is no break in the continuity of the 
aqueous mass — we should expect that the vapor would 
fill the space, to the exclusion of every thing else, or, 
at least, would fill it with a certain degree of energy 
which must be overcome before any other vapor could 
be forced in. Now, what is the case 8 The stop-cock 
of the globe is so arranged that we can introduce into 
it an additional quantity of any liquid on which we 
desire to experiment, without otherwise opening the 
Teasel. If, then, by this means, we add more water, the 
additional quantity thus added will not evaporate, pro- 
vided that the temperatui'o remains at the boiling-point. 
Let U8 next, however, add a quantity of alcohol, and 
what do we find S Why, not only that this immedi- 
ately evaporates, but we find that just as much alcohol- 
vapor will form as if no steam were present. The 
presence of the steam does not interfere in the least 
degree with the expansion of liquid alcohol into alco- 
hol-vapor. The only difference which we observe is, 
that the alcohol expands more slowly into the aqae- 
OQS vapor than it would into a vacuum. If, now that 
the globe is filled with aqueous vapor and alcohol- 
vapor at one and the same time, each acting, in all re- 
spects, as if it occupied the space alone, we add a quan- 
tity of ether, we shall have the same phenomena re- 
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I'oated. The ether will expand and fill the 
with its va|x>r, and the globe will hold jnst as modi 
utliLT-viiiH>r as if neither of the other two were present; 
and so we might go on, as tar as wc know, indefinitely. 
There is not here a chemical union between the eey- 
eral v:ij)ors, and we cannot in any sense regard the 
8|i:lcc as filled with a compound of the three. It eon- 
tains all three at the same time, each acting as if it 
were the sole occupant of the space ; and that this is 
tlie real condition of things wc have the most unques- 
tionable evidence. 

You know, for example, that a vapor or gas exerts 
a certain very considerable pressure against the walls 
of tlic containing vessel. Now, each of these vapors 
exerts its own pressure, and just the same pressure as 
if it occupied the space alone, so that the total pressure 
is exactly the sum of the three partial pressures. 

Evidently, then, no vapor completely fills the space 
whicli it occupies, although equally distributed through 
it ; and wo can give no satisfactory explanation of the 
]»h('noniena of evaporation except on the assumption 
tliat each substance is an aggregate of particles, or units, 
wliich, by the action of heat, become widely separated 
fr«)ni each other, leaving very large intermolecular 
Hpac-cH, within which the particles of an almost indefi- 
nit(i number of other vapors may find place. Pass 
now to another class of facts, illustrating the same point, 

Tlic three liquids, water, alcohol, and ether, are ex- 
panded by heat like other forms of matter, but there is 
a striking circumstance connected with these phenom- 
ena, to which I wish to direct your observation. I have, 
therefore, filled three perfectly similar thermometer- 
bulb tubes, each with one of those liquids. The tubes 
are mounted in a glass cell standing before the con- 
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denser of a magic lantern, and jon see their images 
projected on the screen, Yoa also notice that the 
liquids (which have boen colored to make them vieible) 
all stand at the same height; and, since both the 
bulbs and the tubes are of the same dimensions, the 
relative change in mlume of the inclosed liquids will 
be indicated by the rise or fall of the liquid columns in 
the tubes. We will now fill the cell with warm water, 
and notice that, as soon as the heat begins to penetrate 
the liquids, the three columns begin to rise, indicating 
an increase of volume ; but notice how unequal is the 
expansion. The ether in the right-hand tube expands 
more than the alcohol in the centre, and that again far 
more than the water on the left. What is true of 
these three liquids is true in general of all liquids. 
Each has its own rate of expansion, and the amount in 
any case does not appear to depend on any peculiar 
physical state or condition of the liquid, but is con- 
nected with the nature of the substance, although, in 
what way, we are as yet wholly ignorant. 

But you may ask: What is there remarkable in 
this? Why should wo not expect that the rate of ex- 
pansion would differ with different substances? Cer- 
tainly, there is no reason to be surprised at such a fact. 
■ But, then, the remarkable circumstance connected with 
ihiB class of phenomena has yet to be stated. 

Kaise the temperature of these liquids to a point s 
little above that of boiling water, and we shall convert 
all three substances into vapor. We thus obtain three 
gases, and, on heating these aeriform bodies to a still 
higher temperature, we shall find that, in this new con- 
dition, they expand far more rapidly than in the liquid 
state. But we shall also find that the influence of the 
nature of the substance on the phenomenon has wholly 
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di:»appearcdy and that, in the aeiiform condition, these 
substances^ and in general all snbstances, expand at the 
same rate under like conditions^ 

Why, now, this difference between the two states 
of matter i If the material fiUs space as completely in 
the atrilbrm as it does in the liquid condition, then we 
cannot conceive why the nature of the substance should 
not have the same influence on the phenomena of ex- 
pansion in both cases. IS, however, matter is an ag- 
gregate of deflnite small masses or molecules, which, 
while comparatively close together in the liquid state, 
become widely separated when the liquids are con- 
verted into vapor, then it is obvious that the action of 
the particles on each other, which might be consider- 
able in the tirst state, would become less and less as 
the molecules were separated, until at last it was inap- 
preciable : and it', further, as Avogadro's law assumes, 
the number of these particles in a given space is the • 
Siime for all gases imder the same conditions, then it is 
e<iually obvious that, there being no action between 
the particles, all vapors may be regarded as aggregates 
of the same number of isolated particles similarly 
placed, and we should expect that the action of heat 
on such similar masses would be the same. 

Thus these phenomena of heat almost force upon 
us the conviction that the various forms of matter we 
see around us do not completely fill the spaces which 
they appear to occupy, but consist of isolated particles 
separated by comparatively wide intervals. There are 
many other facts which might be cited in support of 
the same conclusion ; and among these two, which are 
more especially worthy of your attention, because they 
aid us in forming some conception of the size of the 
Molecules themselves. 
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If this mass of glass ia perfectly homogeneous — if 
the vitreous substance completely fills its allotted space, 
and there is no break whatever in the continnity of 
the material — then you would expect that its physical 
relations -would not depend at all on the size of the 
surface affected. Suppose you wished to penetrate it 
with a fine wire. The point of this wire, however 
small, would not detect any difference at different 
'points of the surface. Assume, however, that it con- 
sists of masBes separated by spaces, like, for example, 
this sheet of wire netting. Then, although the surface 
would seem perfectly homogeueous to a bar large 
enough to cover a number of meshes, it would not be 
found to be by any means homogeneous to a wiro 
which was small ehough to penetrate the meshes. If, 
now, there are similar interstices in this mass of glass, 
we should expect that, if our wire were small enough 
(that is, of dimensions corresponding to the interstices), 
it would detect differences in the resistance at different 
points of this glass surface. 

Make, now, a further supposition. Assume that 
we have a number of these wires of different sizes, the 
largest being twice as stout as the smallest. It is ob- 
vious that, if the interstices we have assumed were, say, 
several thousand times larger than the largest wire, all 
the wires would meet with essentially the samo oppo- 
sition when thrust at the glass. If, however, the inter- 
stices were only four or five times larger than the wires, 
then the larger would encounter much greater resist- 
ance from the edges of the meshes than the smaller. 

It is unnecessary to say that no physical point can 
detect an inequality in the surface of a plate of glass, 
but we have, in what we call a beam of light, an agent 
which does find a passage through its mass. Now, it 
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is i)crfeetly true that wc have no absolute knowledge 
of the nature of a beam of light. We have a very 
pliiutiiblc theory that the phenomena of light arc the 
etlccts of waves transmitted through a highly-elastic 
medium we call ether, and that, in the case of our plate 
of glass, the motion is transmitted through the ether, 
which fills the interstices between the molecules of this 
transparent solid ; but wc have no right to assume this 
theory in our present discussion. 

Indeed, I cannot agree with those who regard the 
wave-theory of light as an established principle of 
science. That it is a theory of the very highest value 
I freely admit, and that it has been able to predict the 
l>hasc8 of unknown phenomena, which experiment lias 
subsequently brought to light, is a well-known fact. 
All this is true ; but then, on the other side, the theory 
recjuircs a combination of qualities in the ether of space, 
which I find it diflScult to believe are actually realized. 
For instance, the rapidity with which wave-motion is 
transmitted depends, other things being equal, on the 
elasticity of the medium. Assuming that two media 
have the same density, their elasticities are proportional 
to the squares of the velocities with which a wave trav- 
els. The velocity of the sound-wave in air is about 
1,100 feet a second or ^ of a mile, that of the light- 
wave about 192,000 miles a second, or about one million 
times greater; and, if we take into account certain 
causes, which, though they tend to increase the velocity 
of Hound, can have no effect on the luminiferous ether, 
the difference would be even greater than this. 

Now, were the density of the ether as great as that 
of the atmosphere (say i of a grain to the cubic inch), 
its (ilasticity or power of resisting pressure would be a 
million square, or a million million times that of the 
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atmosphere. Now, as vou well know, tlie atmoEphere 
can resifita pressure ol'aboutfil^eenpoimds to the square 
inch ; hence the ether, when equally dense, would re- 
sist a pressure of fifteen million million pounds to the 
'6<]iuare inch, or, making the correction referred to 
"above, seventeen million mill ion pounds to the square 
inch. Of cotirse, such numbers convey no impression, 
except that of vast magnitude; but you will obtain a 
clearer idea of the power when I tell you that this 
pressure is about the weight of a cubic mile of gi-anite 
rock. Here is a glass cylinder filled with air, and here 
a piston which just fits it. The area of the piston is 
about a square inch — we will asBume that it is exactly 
that. If we put a weight of fifteen pounds on the top 
of the piston, it will descend just half-way in the tube, 
and the air will be condensed to twice its normal 
density. Now, if we had a cylinder and piston, ether- 
tight as this is air-tight, and of enflicicnt strength, and, 
if we put on top of it a cubic mile of granite rock, it 
would only condense the ether to about the same den- 
sity as tliat of the atmosphere at the surface of the 
earth. Of course, the supposition is an absurdity, for 
it is assnmed that the ether pervades the densest solids 
as readily as water does a sponge, and coidd not, there- 
fore, be confined ; but the illustration will give you an 
idea of the nature of the medium which the undulatory 
theory assumes. It is a medium so thin that the earth, 
moving in its orbit 1,100 miles a minute, suffers no per- 
ceptible retardation, and yet endowed with an elasticity 
in proportion to its density a million million times 
greater than air. 

Wliether, however, there are such things as waves 
of ether or not, there is something concemed in the 

momepa of light which has definite dimensions, that 
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h:i-': S.i-r. n'-i.-Tir'jii •.^::h is much accuracy as the «li- 
r:..:r..-! :..- •:' i.-rrr. ::-v, ahLou^h they are at the oppo- 
i'.Tr ».'.\.:r'::..j ■■t tLe it:ale *ji ma^itude. We represent 
tLus^j liirufjLii'jr-i to -j::r iniajrinatioa as wave-lenfi:ths, 
tL^t is, ia cLc tliitancos t'njni crest to crest of our a»- 
«*inieii other-'xivo?, and we shall tind it difficult to 
ti.ink jleiirly up.:.a the subject without the aid of thia 
^ave-tLcory. an-l every stTiJent of physics will bear me 
i-ut in tLe statemen: tL it, th«ju^h our theorv mav be % 
pLanCijm of our s^ientii-j dreaming, these magnitudes 
must be the dinifn=i.jns of something. Here they are: 

Jjiiiitiidi'.'fij of Liijht-u:av€6. 



rou>R3. N-i=^ r t wes in NumbCT of oflciBtftou 



-•-- '^^^ la one secoDd. 



Red C •.■ "0 ■i"T.i»\OO«.\Oi)O,000 

f>Tanire 4:i.'." ■«) 5<:»6.<XK:>,i»6!o6oioOO 

^ *-'^ow 44.'>« H) 533,0<X»,0iX),n00.C<» 

^'rten 47.- hn) 5T7,«>X),000,000.000 

Hlue 51.-:h H} 622j>X\OOi>,OOO,000 

Indigo 54."i» 658.OW,i>-i0,OX».0Ci0 

Violet 57,tX)«} ' 699,0«X\000,OOaOOO 

Tou know that the sensation we call white light is 
a very complex phenomenon, and is produced by rays 
of all colors acting simultaneously on the eye. A verv 
pretty experiment will illustrate this point. I have 
projected on the screen the image of a circular disk 
made of sectors of gelatine-paper, variously colored. 
By means of a very simple apparatus, I can revolve the 
disk, and thus cause the several colors to succeed each 
other at the same point with great rapidity, and you 
notice that the confused effect of the different colors 
j»roducc8 the impression you call white, or, at least, 
nearly that. 

The sunbeam produces the same impression, be- 
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cause it contains all these colored rajs; and, if we pasa 
it tlirougli a prism, the several rays, being bent un- 
equally by the glaas, -diverge on \jmcrgiug, so that, if 
we receive the beam thus divided on a screen placed at 
a sufficient diBtanco, we obtain that magniScent band 
of blending hues we call the solar spectrum. 

To each of the colored rays which fall along the 
line of the spectrum correaponds a definite wave- 
length. In the diagram, we have given the wave- 
^kjigths, corresponding to only a few selected points, 
r in each color, and marked in the solar spe('truni 
by certain remarkable dark lines by which it 
rorossed. These values always create a smile with 
F ft popular audience, which makes it evident that, by 
I those unfamiliar with the subject, they are looked upon 
r BS unreal if not absurd. But this is a prejudice. In 
our universe the very small is as real as the very 
great ; and if science in astronomy can measure dis- 
tances so great that this same swift messenger, light, 
traveling 192,000 miles a second,* requires years to 
cross them, we need not be surprised tliat, at the other 
end of the scale, it can measure magnitudes like these. 
Let not, tiien, these numbers impair jonr confidence 
in our results ; but remember that the microscope re- 
veals a universe with dimensions of the same order of 
magnitude. Moreover, the magnitudes with which we 
are here dealing are not beyond the limits of mechani- 
cal skill. It is possible to rule lines on a plate of glasa 
80 close together that the bands of fine lines thus ob- 
tained cannot be resolved even by the most powerful 
microscopes; and I am informed that the German opti- 
cian, Nobert, has ruled bands containing about 224,000 
Uqcs to the inch. He regularly makes plates with 
bands consisting of from about 11,000 to 112,000 linea 
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mddned to our friead Mr. Stodder fer tb« offiort 
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19ifa teftd, omtaiuBK «r«r lUMXM) Eaes to tii« iu 
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sucroecopee, and ahy microecopiEt will tell too tbat I 
reeolre ^is band is a great tnuniph of art, and tb 

tyon could bave no better evidence of the ekill of « 
eminent optician tliao this photogisph alfordfl. I 
projecting the image on the screen, eome of the shai] 
ncse IB loBt, but I think the ecitarate Hucb of the baa 
must be distinctly risible to all who are not too &r erf 
Kow, the distance between the lines on the origini 
plate is not very different &om one-half of the met 
length of a wave of violet light, or one-third of a waw 
length of red light ; and, what is still more to the pa 
pose, these very bands give us the means of meaeorin 
tlie dimensions of the waves of light themselves. Et 
; dcntly, then, the dimenaone with which we are deaUa 
[ are not only conceivable, but wholly within the m^ 
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of OUT perceptions, aided as they Lave been by the ap- 
pliaocee of modem science. 

Bat, to return to my argument: these valacs, if 
they are not wave-leogtbs, are real msgnitndee, which 
differ from each other in size just as the above meaenre- 
ments show. Moreover, we have reason to believe that 
• the various color-giving rays differ in nothing else, and 
it IB certain fix)m astronomical evidence that they aU 
pass through the celestial spaces with the same velocity. 
Now, when a beam of light enters a mass of glass, not 
only does its velocity diminish, but, what is more re- 
markable, the different rays assume at once different 
velocities, and, according to tlie well-known principles 
of wave-motion, the unequal bending that results is 
the necessary effect of the unequal change in velocity 
which the rays experience. But, if the material of the 
glass were perfectly homogeneous throughout, it is im- 
possible to conceive, either on the wave theory or any 
other theory of light we have been able to form, how 
a mere difference in size in what we now call the 
luminous waves should determine this unequal velocity 
with the accompanying difference of refrangibility, and 
the fact that such a difference is produced is thought 
by many to be strong evidence that there is not an ab- 
solute continuity in the material ; in fine, that there are 
interstices in the glass, although they are so small that 
it requires the tenuity of a ray of light to detect them. 
Still we cannot make our conceptions the measure 
of the resources of Katnre, and I, therefore, do not 
attach ranch value to this additional evidence of the 
moleealar structure of matter. But the importance of 
these optical phenomena lies in this, that, assuming 
the other evidence sufficient, they give us a rough 
meastiro of the size of the molecules. For, as ia evldevA 



I 

I 

1 



ir i:. '1X771X5 Un AT>iii.aQr« LAW 



f- T. 'rr "-UfCrLTj.-z. vhl i^ -jrir^ =.c*]iHS. the size ol 

•■ :..-. v^v.- .:' 11 ji-^ < 'L? • i^^r - ' rl-ws that the led 

V ;.- ..-. i.r-. :.!v LlI: i^ I.l^ 14-2^ i? tie violet, and if 

:.: .'• -j^- rriLc^es vt-r-:. r^". eiil-er ten thoimii 

: ■!■ ...rs-.T .r Tv- :L>:.sl:-: r±jrs srnAller than die 

'••:.'. !v:.j^L :i't rlii-i? :-;-"Uji T-r>5-:« no appreciahk 

;.•• r.> ]•.■: :.• iLc- r'^sn-: :Ll:. if ilr g'l&w is anaggn- 
.'.:• . f ::. li^.-ule?, iLr ZL^^^inie of tLe&& molecnlee^ii 

:. ■: •. • rv -iirereiii fr-.-iL iLe llwii. leri^sih of a warerf 
: J-.:. A ■••ij'iiiij iLv "CLiulsiiTT thc^i-rv of light, ve 
f.r.i -liK'!.]: i!je 'juasti'i'n. a* Sir Wiliiam Thompson has 
« J " • . • ■. T ' . : 1 iai: J orn:-: i ;:il ctil cniATi -.'n : an d the result is that 
\i, ij^'li ::i.' i.::t.r"ir c»f d:?y»er?3':'ii eonld sot be {ffY)dnoed 
I .'.."• - - t ]i*: rize • -f 'Lt- mt-fjeciJe? were far less than that</ 
Mi*- ■.\;iv*.-]..!i:rihr. vvt it is no: prctbable that theeizeiB 
J- •• tl.'.rj -;iV -J _^.^ J-.j-_-_ of f.n inc-h. 

Ji-j- •■(• ']..r]:jj the lecture, allow me to dwell, for a 
i' •: .Mi-.iiji ij!-. m!j ilj.i- M.-.-...iid of the two clashes of facts 
i » •■•■ J . i f I ] } J ' I V 1 • ; 1 1 ft-a ' i V ] »t-s:] Niiken vorj attention, since 
i:.« •■ ■ . .!iijr:ii I hi.- ri.-w]T- "vvc- have jnst rea<?hed, in a most 
f Mi;if 1. .I.l<- jiiaijiH.T. EvcTT one has blown siMp-bub- 
I*!' ; . ;iii*J ]- f.irjjjliar wiih the uorpeoiis hnes which they 
'1. p' 4V. M irjv of vou ]i:ivc donbtles? heard that blow- 
J'.;* ■'i;ij>.l;i;}i!i]^'* jij:iy ]»e luide more than a pleasant 
I'.-iMifjic. ;»[]<! I will ( jjde.:vi'»r to show how it can be 
Mi.-i'Ji- a pljild.ojilji'Ml (;.\j»(.'nirjent. capable of teaching 
;'/TfH: VI: rv v.i^rjdrrjiil trutljff. It is almost iinp»05tible 
t^# j-li'iw i|j«; j;>)i*:rj'»ijj(.'!jii t«> which I refer to a large 
:iiulirii"«'. and I <-:irijmtX. thcrcfi»re. feel anv confidence 
in llj*; tiwcty-r (A the c.\j>criiiieiit whirh I am about to 
Uy ; but ] will hlnnv h«>\v vou can all make the experi- 

'Tli*; ijji.-aiii (JihUiAOU l>«.'twt^fj the cenlrts of conti'^ous n.oleculcs 



now TO MAKE SOAP BUBBLES, 



pt for yourselves. And, first, I must tell jon Low 
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prepare 

Procure a qnart-bottle of clear glass and some of the 
fit white castile-Boap {or, still better, pure palra-oil 
»p). Cut the soap (about four ounces) into thin sliav- 
, and, having put tbcm into the bottle, fill this up 
I distilled or rain-water, and shake it well together, 
at the shaking until you get a saturated solution 
p. If, on standing, the solution settles perfectly 
^ on are prepared for the next step; if not, pour 
i liquid and add more water to the same shav- 
, shaking as before. The second trial will hardly 
give you a clear solution. Then add to two 
vouimes of soap-solution one volume of pure, con- 
centrated glycerine. 

Those who are near can see what grand soap-bubbleB 
we can blow with this preparation. The magnificent 
colors which are seen playing on this thin film of water 
are caused by what we call the interference of light. The 
color at any one point depends on the thickness of the 
fi4m, and by varying the conditions we can show that 
this is the case, and make these effects of color more 
regular. For this purpose I will pour a little of the 
Aoap-solutlon into a shallow dish* and dip into it the 
open mouth of a common tumbler. By gently raising 
the tumbler it is easy to bring away a thin film of 
the liquid covering the mouth of the glass. You can 
all easily make the experiment, and study at your lei- 
sure the beautiful phenomena which this film presents. 
To exhibit them to a large audience is more difficult, 
but I hope to 6uceecd by placing the tumbler before 
the lantern in such a position that the beam of light 
will be reflected by the film upon the screen, and then, 
hiterpo&ing a lens, wo have at oncu a distinct imaga 
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of the film. Success now depends on our keeping 
perfectly still, as the slightest jar would be sufficient 
to break this wonderfully delicate liquid membrane. 
See ! the same brilliant hues which give to the soap- 
bubble its beauty are beginning to appear on our fihn, 
but notice that they appear in regular bands, crossing 
the film horizontally. As I have already stated, the 
color at any point depends on the thickness of the 
film, and, as it is here held in a vertical position, it is 
evident that the effect of gravity must be to stretch 
the liquid membrane, constantly thinning it out, be- 
ginning from the upper end — which, however, it must 
be remembered, appears on the screen at the lower end, 
since the lens inverts the image — and notice that, as 
the film becomes thinner and thinner, these bands 
of color which correspond to a definite thickness move 
downward, and are succeeded by others corresponding 
to a thinner condition of the film, which give place 
to still others in their turn. These colors are not 
pure colors, but the effect is produced by the over- 
lapping of very many colored bands, and, in order to 
reduce the conditions to the simplest possible, we must 
use pure colored light — monochromatic light, as we 
call it. Such a light can be produced by placing a 
plate of red glass (colored by copper) in front of the 
lantern. At once all the particolors vanish and we 
have merely alternate red and dark bands. Watch, 
now, the bands as they chase each other, as it were, 
over the film, and notice that already new bands cease 
to appear, and that a uniform light tint has spread over 
the upper half (lower in the image) of the surface. 
Now comes the critical point of our experiment. If 
the film is in the right condition so that it can he 
stretched to a sufficient degree of tenuity, this li^ 
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int will be succeeded by a gray tint, .... and tlioM 
f appears in irregular patches at tbo upper border, liai 
tian instant all bas vanished, for the tilm has brokeOtl 
bit always brcats, soon after the gray tint appears. 




. — BLmrla on 3oaj>-(1liP' 



Having now seen thts phenomena, you will be bet- 
; prepared to appreciate the strength of the ar- 
ment to which I now have to ask your careful 
ntion. You know that the red and dark bands 
. in the last experiment, when we used the red 
, are cansed by the interference of the rays of 
ht, which are reflected from the opposite surfaces 
I the film. It is.evidont that the path of the rays re- 
flected from the back surface must be longer than tliat 
of those reflected from the front surface by Just twice 
the thickncas of this film of water ; and, as Prof. 
Tyndall has so beautifully shown you in the course of 
lectures just finished, whenever this difference of path 
brings the crests of the waves of one set of rays over 
the troughs of the second set, we obtain this won- 
derful result — that the union of the two beams of light 
produces darkness. It would, at first sight, seem that 
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such a result must bo produced in the ease of our 
film whenever its thickness is equal to i, f , J, J, or any 
odd number of fourths of the length of a wave of red 
light, and this would be the case were it not for the 
circumstance that, in consequence of certain mechani- 
cal conditions, the rays of light reflected fix>m the bock 
of the film lose one-half of a wave-length in the veiy 
act of reflection. But, without entering into details, 
which have been so recently and so beautifully illus- 
trated in this place, let me call your attention to this 
diagram, which tells the whole story : 



Oedek or Ba5M. 
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You thus see that the theory of light enables us to 
measure the thickness of the film, and we know that 
where that gray tint appeared in our experiment the 
thickness of the film was less than J of the length of 
a wave of red light, or less than xW.Tnnr ^^ ^^ inch, and 
no wonder that the film broke when it reached such a 
degree of tenuity as that. 

But, having followed me thus far, and being assured, 
as I hope you are, that we are on safe ground, and talking 
about what we do know, your curiosity will lead you 
to inquire whether we can stretch the film any farther. 

The facts are that, after the appearance of the gray 
tint, although the film evidently stretches to a limited 
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^^Xkt, it very soon breaks. Practically, then, wc can- 
r^^^ stretch it beyond this point to any great extent; 
^^t \^hy not ? Theoretically, if the material of water 
^ perfectly homogeneous, there wonld seem to be no 
^^^^>cl reason why it should not be capable of an in- 
^^finite extension, and why this film could not be 
^^etched to an indefinite degree of attenuation. As- 
*^*iiie, however, that water consists of molecules ot a 
^^finite size, then it is evident that a limit would bo 
^^ached as soon as the thickness of the film was re- 
^^ced to the diameter of a single molecule. Obvi- 
^tisly we could not stretch the film beyond this with- 
^lit increasing the distance between the molecules, and 
^tus increasing the total volume of the water. Now, 
^lere is evidence that, when the gray tint appears, 
Ve are approaching a limit of this sort. It is hardly 
Necessary to say that we cannot separate, to any con- 
siderable extent, the molecules of water from each 
t)ther — that is, increase the distance between them — 
without changing the liquid into a gas, or, in other 
words, converting the water into steam, and the only 
way in which we can produce this effect is by the 
application of heat. The force required is enormous, 
but the force exerted by heat is adequate to the work, 
and it is one of the triumphs of our modem science 
that we have been able to measure this force, and re- 
duce it to our mechanical standard. In order to pull 
apart the molecules of a pound of water, that is, con- 
vert it into steam, we must exert a mechanical power 
which is the equivalent of 1,813,000 foot-pounds, that 
is, a power which would raise eight tons to the height 
of one hundx'ed feet, and, as we can readily estimate 
the weight of say one square-inch of our film, we know 
the force which would be required to pull apart the 
molecules of which it consists. 
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Again, on the other hand, singular as it may seem, 
we have been able to calculate the force which is re^ 
quired to stretch the fihn of water. This calculation is 
based on the theory of capillary action, of which the 
soap-bubble is an example. Moreover, to a certain 
limit, we are able to measure experimentally the force 
required to stretch the film, and we find that, as &r as 
our experiments go, the theory and the experiments 
agree. Our experiments necessarily stop long before 
we reach the limit of the gray film ; but our theory is 
not thus limited, and we can readily calculate how 
great a force would be required to stretch the film 
until the thickness was reduced to they^^^^p^^^PP^ of an 
inch ; that is, the y.^^Vir of the thickness of the light film, 
or the ry.iinj ^^ ^ wave-length. Kow, the force required 
to do tliis work is as great as that required to pull 
apart the molecules of the water and convert the liquid 
into vapor. It is therefore probable that, before such a 
degree of tenuity can be attained, a point would be 
reached where the film had the thickness of a single 
molecule, and that, in stretching it ftirther, we should 
not reduce its thickness, but merely draw the molecules 
apart, and, thus overcoming the cohesion which deter 
mines its liquid condition, and gives strength to the 
film, convert the liquid into a gas. 

There are many other physical phenomena whid 
/ point to a similar limit, and, unless there is some faX- 
/ lacy in our reasoning, this limit would be reached at 
about the 500.000,000 ^^ ^^ ^^^h. Moreover, it is wo^ 
thy of notice that all these phenomena point to veiy 
nearly the same limit. I have great pleasure in reCar^ 
ring you, in this connection, to a very remarkable pa- 
per of Sir William Thompson, of Glasgow, on this sub- 
ject, which, appearing first in the English scientific 
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,^|^*'^y called Nature^ was reprinted in SHlimanH 
^^^'^ of July, 1870. He fixes the limits at between 

>w.^. oJo,ooo ^^^ ^^^ 7. 6 0.^6 0,0 ^^ ^^ ^^^^- and. in 
.^j^^f to give some conception of the degree of coarse- 

?^Uiedness (as he calls it) thus indicated by the struct- 
1^ lie adds that, if we conceive a sphere of water as 
'^JJe as a pea to be magnified to the size of the earth, 
^^ molecule being magnified to the same extent, the 
J^ttgnified structure would be coarser-grained than a 
^^p of small lead shot, but less coarse-grained than a 
^eap of cricket-balls. 

These considerations will, I hope, help to show you 
low definite the idea of the mdlecule has become in the 
mind of the physicist. It is no longer a metaphysical 
abstraction, but a Teality, about which he reasons as 
confidently and as successfully as he does about the plan- 
ets. He no longer connects with this term the ideas 
of infinite hardness, absolute rigidity, and other in- 
credible assumptions, which have brought the idea of a 
limited divisibility into disrepute. His molecules are 
definite masses of matter, exceedingly small, but still 
not immeasurable, and they are the points of applica- 
tion to which he traces the action of the forces \i'ith 
which he has to deal. These molecules are to the physi- 
cist real magnitudes, which are no further removed 
from our ordinary experience on the one side, than are 
the magnitudes of astronomy on the other. In regard 
to their properties and relations, we have certain defi- 
nite knowledge, and there we rest until more knowledge 
is reached. The old metaphysical question in regard to 
the infinite divisibility of matter, which was such a sub- 
ject of controversy in the last century, has nothing to do 
with the present conception. Were we small enough 
to be able to grasp the molecules, we might be able to 
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Split them, and so, were we large enooglu wc lan^i^^ 
able to crack the earth ; bat we have made suffideot 
advance i»incc the davs of the old controveubT tokaof 
that ({uestions of this sort, in the present state of knoft 
eilge, arc both irrelevant and abenrd. The molecoleB 
are to tlie physicist definite oniis^ in the same ee&n 
that the planets arc units to the astronomer. The ge- 
olo;?iftt tears the earth to pieces, and so does the cheso: 
irit (h'al with the molecules, bat to the astronomer the 
earth is a unit, and so is the moleeale to the physicist 
The word molecule, which means simply a small mass 
of matter, expresses our modem conception fieur better 
thiiii the old word atom, which is derived from the 
itvviik a, privative, and rifLtWj and means, therefore, in- 
clivJHihle. In the paper just referred to. Sir W. Thomp- 
Hoii used the word atom in the sense of molecule, and 
tliin must be borne in mind in reading his article. We 
Hliall ^ive to the word atom an utterly different signifi- 
(•ati(»n, which wc must be careful not to confound with 
lli.it of molecule. In our modem chemistry, the two 
tcniiH Htaiid for wholly different ideas, and, as we shall 
Hnc, tlio atom is tho unit of the chemist in the same 
MctiMo that tho molecule is the imit of the physicist 
Uiit \vr. will not anticipate. It is sufficient for the pres- 
ent il' wo have gained a clear conception of what the 
woni mol(!(jul(i means, and I have dwelt thus at length 
on l\\r. dolinitiou befiiusc I am anxious to give you the 
HJUiM! cloar c.oiivlctioii of their existence which I have 
inyHi'lf. Ah I have said before, they* are to me just as 
iiiuch roal magnitudes as the planets, or, to use the 
woi-ds of Thompson, " pieces of matter of measurable 
dirrujnsionH, with shape, motion, and laws of action, m- 
telligible subjects of scientiiic investigation." * 

> See Lecture on Molecules, by Prof. Maxwell, J^ature, Sept, 25, 1873. 
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In mj first lecture I endeavored to give you some 
conception of the meanmgof the word molecnie, and this 
nitjauiiig I iUuetrated by a number of plienomena, wbich 
not only indicate that niolecides arc real maguitudee, 
Lut wliicli also give ub Bome idea of tlicir absolute size. 

Avogadro's law declares that all gaees contain, un- 
der like conditions of temperature and pressure, the 
Bame number of molecules in tlio same volume ; and, 
if we can rely on tlie calculations of Thomi>Eon, which 
are based on tbe well-known theorem of molecular me- 
chanicB deduced by Clauaias, this number is about one 
hundred thousand million million mUlion, or 10^ to a 
cubic inch. Of course, as the volume of a given quan- 
tity of gas varies with its temperature and preseiire, the 
number of molecules contained in a given volume must 
vary in the same way; and the above calculation is 
based on the assumption that the temperature is at the 
freezing-point, and the pressure of the air, as indicated 
by the barometer, thirty inches. The law only holds, 
moreover, when the substances are in the condition of 
perfect gasee. It does not apply to solids or liquids, 
and not even to that lialf-way state between liquids and i 
ies which Dr. Andrews has recently e.o admirably I 
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'ouiteen and fifteen pounds on every »|U&re i!-.:. ^f 

^ti&ce — about a ton on a sfiaare f^^t. 

It is this pressure which eu»taiu6 the it/luii.;. **i 

Jeremy in the tube of a barometer • Y'v^. 5 ■ : au«i ^::- •« . 

1)7 the laws of hydrostatics, the height of thu k^Amu.u 
f}{ mercury depends on the pressure of the nir. ri^'r.i*^ 
and falling in the same proportion as the i>ret>«>ure iu- 
creases or diminishes, we use the barometer a« a u^i-^^ 
nre of the pressure, and, instead of estiujatin;; itt aiiiuuut 
as so many pounds to the square inch, we more fre- 
quently describe it by the hei^t in im-hes (or cf-nti- 
metres) of the mercury-column, which it i«^ caj^Me of 
sustaining in the tube of a barometer. The tension of 
the air is balanced by the force of gravitation, in *-o!i- 
sequence of which the lower stratum of the air in \^ lii^ )i 
we live is pressed upon by the whole wei^it of th«- ku- 
perincumbent mass. The moment, however, the rx- 
temal pressure is relieved, the peculiar mechanical con- 
dition of the gas becomes evident. 

Hanging under this large glass receiver h a huiM 
rubber bag (a common toy balloon), partially <liK- 
tended with air (Fig. 6). The air confined within the 
bag is exerting the great tension of whicrh I havci fik>. 
ken, but the mass remains quiescent, l>ecaui»e thin ten- 
sion is exactly balanced by the pressure of the atnioB- 
phere on the exterior surfistce of the bag. You Bee, how- 
ever, that, as we remove, by means of this air-pump, 
the air from the receiver, and thus relieve the external 
pressure, the bag slowly expands, until it almost com- 
pletely fills the belL There can, then, be no doubt tliat 
there exists within this mass of gas a great amount of 
energy, and since this energy exactly balances the at- 
mospheric pressure, it must be equal to that pressure. 
But I wish to show you more than this, for not only 
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it) it true that tlic bng expands tie tlic pressure is rclicTe-^ 
but it iiialiiu true thut the gas in the bng expands in 
cxuL-tly tlio same pru|Hjrtiun as the external | 




Fk. G.~-Ei|iuidlBe B*e ania Air-pump. 

diminishes. In order to prove this, I will now pt***^ 
under this Esmc glass one of those small gasomet^'''^ 
which are used by the itinerant showmen in our etre^' 
for measuring what they call the volume of the Inng^ 
while under this tall bell at the side I have arranged ^ 
barometer-tube for measuring the external pressui*- 
The two receivers are connected together by nibbed 
hose, so as to form essentially one vessel, and both arc 
connected with the air-piimp. 

"We will begin by blowing air into the gasometer ^ 
until the Bcale marks 100 cubic inches, and, noticing 
after adjusting the apparatus that the barometer stands 
at 30 inches, we will now proceed to exhaust the air, at 
the same time cai'cfully watching the barometer. . . . 
It has now fallen to 15 inches ; that is, the pressure on 
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^I^e outside of the gasomet^' ha£ been rednoed to ou^ 
half, and the scale of the instnmieDt ehowB me that the 
"Volume of the air in the interior has bcjooiae ^MX' cubit- 
inches ; that is, has doubled. But let V£ euutiuue the 
exhaustion. . . . The barom^er now niark^ 10 iuchwi, 
showing that the pressure has been redmxA to ont^ 
^hird. The gasometw now contains S^X) cubic inehet^ 
^^ gas. The volume, thaii, ba£ trebled. . - - PushiujEr 
^lie experiment still fiirthcr, we hare now the barouie- 
^^^ standing at 7^ inches, and the scale of the gasome- 
^^^ shows that the Tolome <rf the inekised air has be- 
^Hie 400 cubic inches. The ^^essore has been reduced 
^ one-fourth, and the Tolmne of ihe air hat y uadruj Jed ; 
^^d so we might go on. . . . Let, now, the atmos]>heje 
Reenter the apparatus, and ^ onae the air In the ^b- 
^meter shrinks to its original Tolume, while the barome- 
ter goes back to 30 inches. 

We might next take a eondenfang-pump, and, ar- 
ranging our apparatus so as to resist the ever-increasing 
pressure, as the air was forced into the reeeivers, we 
should find that, when the barometer mari^ed 00 inches, 
the scale of the gasomet^ would show 50 cubic inches, 
and that, when the mercniy column had risen to 120 
inches, the air in the gas(Hneter would have shrank to 
25 cubic inches ; and so on* There are, however, ob- 
vious mechanical difficulties, whidi make this phase of 
the experiment unsuitable for a lai*ge lecture-room, and 
what we have seen is sufficient to illustrate the general 
principle which I wished to enforce. The principle, 
in a few words, is this : 

27ie volwme of a confined mass of gas is inversely j/ro- 
partional to the pressure to whidi U is exposed : tlie 
smaller the pressure Ike larger the volume^ and tfte 
greater the pressure the less the volume. 
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This principle holds true not only with air, but 
also with every kind of aeriform matter. If, instead 
of using that mixture of oxygen and nitrogen we caD 
air, we had introduced into the gasometer 100 cubic 
inches of pure oxygen or of pure nitrogen, or of any 
otiier true gas, we should have obtained precisely the 
same effect. The results of the experiment are not in 
the least degree influenced by the natnre of the gaa 
employed ; and, assuming that we start with the same 
gas- volumes, the resulting volumes are the same at each 
stage of the experiment. In every case the volume 
varies inversely as the pressure. The principle thus 
developed is one of the most important laws of physical 
science. It was discovered by the chemist Boyle in 
England in 1662, and verified by the Abbe Mariotte 
in France somewhat later, and is by some called the 
law of Mariotte, and by others the law of Boyle. 

This law of Mariotte or Boyle is most closely related 
to the law of Avogadro. The one law is found to hold 
just as far as the other, and any deviation from the 
one is accompanied by a corresponding deviation from 
the other. So close, indeed, is the connection, that we 
cannot resist the conviction that the two laws are 
merely different phases of one and the same condition 
of matter ; and our molecular theory explains this con- 
nection in the following way : 

The molecules of a body are not isolated masses in 
a fixed position, all at rest, but, like the planets, they 
are in constant motion. In a gas this motion is sup- 
posed to take place in straight lines, the molecules 
hurrying to and fro across the containing vessel, strik- 
ing against its walls, or else encountering their neigh- 
bors, rebounding and continuing on their course in a 
new direction, according to the well-known laws which 
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govern the impact of elastic bodies. Of course, in such 
a system, all the molecules are not moving with the 
same velocity at the same time ; but they have a cer- 
tain mean velocity, which determines what we call the 
temperature of the body, and the higher the tempera- 
ture the greater is this mean velocity ; moreover, the 
mean velocity of the molecules of each substance is 
always the same at the same temperature. It varies, 
however, for different substances, and, for any given 
temperature, the less the density of the gas the greater 
is this velocity, although, as we shall hereafter see, the 
Velocities of the molecules of two different gases are 
inversely proportional, not simply to their densities, 
fcnt to the square roots of these quantities. We are 
^ble to calculate for each gas at least approximately 
H^hat this velocity must be for any temperature, and, in 
the case of hydrogen gas, the value at the temperature 
of freezing water is about 6,097 feet per second. The 
internal energy, therefore, in a pound of hydrogen gas 
at the freezing-point is as great as that of a pound-ball 
moving 6,097 feet per second, and the energy in an 
squal volume (a little over 6.6 cubic yards when the 
barometer is at 30 inches) of any other true gas is 
3qually great under the same conditions; a greater 
molecular weight compensating in every case for a less 
Tiolecular velocity. Let us now bring together the 
;wo remarkable results already reached in this lecture. 
One cubic inch of every gas^ when the harometer 
marks 30 inches^ and the thermometer 32° Fahr.^ con- 
kcins 10^ molecules. 

Mean velocity of hydrogen molecules^ under same 
conditions, 6fi97 feet per second. 

It is evident, then, that every mass of gas must 
contain a large amount of internal energy, and this 



tutriry 2 A mmlft manifest in many ways^ cspecia&f 
ill wli;it. we (Sill the permanent: ceni&on of die pL 
Iwf.ry rtijr1i^.-e in 'lonUtrC vldi a. mnm o( gnfti&te- 
ill/ f'onrtUritiv liomVjar'ieil 07 cLe moIet:iiIe& andhoix 
fill! ^nv'it pnrftfture whi^h reaulL*. yow.it lan. easlf 
lifr Kccri tli.1t, if the volame ot' the gas i& diminifihedr' 
tliiit i ■, if thf: fuitric nnrnher ot moLet!ale9 are crowded 
into a lfT»r4 Hparx: — t?iey will strike more ftequaLdj 
iK/fiiiMt a irivf:ri Hurfarre, and thereto re exert a isre^ts 
l»n« ijn\ Moreover, it can readilv be proved, althoo^ 
tlif rnathfitriatical demonstration wooIJ be oat of 
\tUutr in a |>o[>iilar lecture, that the presEore must lie 
ihvfrK'ly iiH tlif! volume; in other word&y that thehv 
ni Mjiiiittn irt tlie necessary result of the molecobr 
rtiw\\\utu w(! have dencribed. 

Afidthrrr cflect of molecular motion isthatcondi- 
I'mmi of ifiaMfT which the word temperature* just med, 
i]t fiiitc:!. Tlirrr^re few scientific terms more difficult 
Iff drliiin than t.hiH common word temperature. In 
offhiiiirv lnn;niii|^(! \V(; apply the terms hot or cold to 
filhi r hddir^t nccorrliii^ hh they arc in a condition to 
ifpipHfl hriil to, (ir iihHtract it from, our own^ and the 
vpii iiiHR i\r^fvrt'i\ of hot. or cohl arc what we call, in gen- 
» ml. tomp#'r{itiin\ Two bodies have the same temper- 
ntiiff' it. whi'M phM'(Ml toi^efher, neither of them gives or 
l(i^:fs.: Iinit. ; Mini, whrii, II iid(T tlic samc Conditions, 006 
lif.fly |fi.:<'K w\i\\r the nthcr ^iiins heat, that body which 
^fhiA out. hi'iit. ifi Kiiid l.o hav(; the higher temperature. 

lin'rrmu't] triiipfM'iil.iiro t(\sted in this way is found 
to Ik*. Mrcornpiiiiicd by nil iiKTcnfiC of volume, and we 
(MMploy \]l\t^ rhjin^f^ of volume as the measure of tern- 
p(sratjir(t. Thin u\ t.lin Hiinple principle of a thermome- 
ter. The eHHeritiul part of this instrument is a glass 
^ " -onnected with a line tube, and tilled with mer- 
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f'wy to a variable point in the stem. The least change 
11 the volume of the mercury is indicated by tlie rise 
"I the column in tlie tube. Primarily, the tbermome- 
'^f ia a very delicate measure of the change of volume 
*** the inclosed liquid ; secondarily, it becomes a mea»- 
Jil^ of temperatnre. You know how the therniomcter' 
'* graduated. We plunge it into a mass of melting ice 
'^^<l mark the point to which the mercury falls, and 
'*l<3ii we immerse it in free eteam, and mark the 
I**^int to which the column rises. We now divide the 
"^stance between these fixed points into an arbitmry 
™*^mber of equal spaces, and continue the divisions of 
'*le Bame size above and below our two standard poihta. 
^*l onr common Fahrenheit scale this distance is di- 
^ded into 180 parts, the freezing-point is marked 32°, 
^Hd the boihng, of course, 212° ; the zero of this scale he- 
*ttg placed at the thirty-second division below the freez- 
ing-point. In our laboratories wo generally use a scale 
iti which this distance is divided into 100 parts, and 
the freezing-point marked 0", the divisions below freez- 
ing being distinguished with a ramw«-sign. All this, 
liowever, ia purely arbitrary, and the instrument mere- 
ly gives ns the means of comparing temperatures. 
Here, for example, are two bodies. We apply the 
thermometer first to one and thcu to the other. It 
rises in each case to 50°. The only information we 
have obtained is, that both bodies are at the same tem- 
perature corresponding to a certain volume of the mer- 
enry in our thermometer, a temperature which we have 
Agreed to call 5(1° ; and we can predict that, if the two 
bodies arc brought together, no heat will pass from one 
to the other. We now apply the thermometer to 
third body, and it rises to 100°. Wo thus learn, 
ler, that the third body is at a hin;her tempcmtuTB 
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This principle holds true not only with air, 
also with every kind of aeriform matter. K, ii 
of using that mixture of oxygen and nitrogen we 
air, we had introduced into the gasometer 100 
inches of pure oxygen or of pure nitrogen, or of 
other true gas, we should have obtained predfldy 
same effect. The results of the experiment are not fl 
the least degree influenced by the nature of the 
employed ; and, assuming that we start with the 
gas- volumes, the resulting volumes are the same at i 
stage of the experiment. In every case the vdnniij 
varies inversely as the pressure. The principle 4*1 
developed is one of the most important lawsof phyw 
science. It was discovered by the chemist Boyle ni 
England in 1662, and verified by the Abb6 Mario*! 
in France somewhat later, and is by some called tta 
law of Mariotte, and by others the law of Boyle. 

This law of Mariotte or Boyle is most closely related 
to the law of Avogadro. The one law is found to hold 
just as far as the other, and any deviation from the 
one is accompanied by a corresponding deviation from 
the other. So close, indeed, is the connection, that we 
cannot resist the conviction that the two laws are 
merely different phases of one and the same condition 
of matter ; and our molecular theory explains this con- 
nection in the following way : 

The molecules of a body are not isolated masses in 
a fixed position, all at rest, but, like the planets, they 
are in constant motion. In a gas this motion is sup- 
posed to take place in straight lines, the molecules 
hurrying to and fro across the containing vessel, strik- 
ing against its walls, or else encountering their neigh- 
bors, rebounding and continuing on their course in a 
new direction, according to the well-known laws which 
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^ ^^5 0°, and the point to which it rises at the 
^ P^rature of boiling water, 100°. Lastly, let ns 
"^^e the distance between these two points, as in a 
^grade thermometer, into one hundred equal jmrte, 
A ^^^^^^ the ^visions of the same size above 1(>0° 
^ t>elow 0°. We shall find that we can make almost 
v^/^y 273 such divisions before reaching the closed 
^J^m of our tube. Transfer, now, the zero of our 
^^*^ to this lowest point or bottom of our tube, so 
'l^t oar old zero, or freezing-point of water, will be 
S73® of the new scale, and the boiling-point of 
^t^r at 373^ 
Af e shall then have what is probablf very nearly 
absolute scale of temperature, such a one that v. c 
^^ say, for example, that the temperature at 500° is 
^"ice as great as that at 250°. Moreover, this is a 
^ ^^le such that the volume of any gas, under the same 
j^Ossnre, is exactly proportional to the temperature : 
^^^ example, the volume of a given mass of air at 600° 
^ twice as great as the volume at 300°. That this 
^ist be the case for air is evident from the constnic- 
^on of our theoretical thermometer ; and it is equally 
true of any other perfect gas, for there would be no dif- 
ference in effect whatever if the tube were filled with 
hydrogen, oxygen, or nitrogen, instead of air. It is 
very easy to refer degrees of our ordinary thermometer 
to degrees of this absolute scale. If the degrees are 
centigrade, we have merely to add 273 ; if they are 
Fahrenheit, we must add 459 (see Fig. 7, bis) ; and, for 
many purposes, it is exceedingly convenient to measure 
temperature in this way. Suppose, for example, we have 
100 cubic inches of gas, at 4° centigrade, and we wish to 
know what would be its volume at 281°. Converting 
these values into absolute degrees by adding 273, we 
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obtain 277** and 554**. Then, since the volume ofa g«8 
is exactly proi)ortional to the absolute temperature, we 
have 277 : 554 = luO : answer, 200 cubic mches. But 
the chief value of this method of measuring temperature 
is to be found in the simplicity with which it presente 
to us the property of gases we have been studying. The 
vohime of a gas depends solely on two conditions: its 
pressure and its absolute temperature. As I before 
filiowed, it is inversely proportional to the pressure, 
and it now appears that it is directly proportional to 
the absolute temperature. We must then qnaUfy the 
law of Mariottc by a second principle, equally funda- 
mental and .iHportant : 

The volume of a given mass of gas^ under a condard 
j>ressure^ varies directhj as the absolute temperature. 

This we call the law of Charles. 

The molecular theory of gases explains the law of 
Charles very much in the same way as it explained 
the law of Mariottc. The pressure of a gas, as we have, 
seen, is due to its molecular energy. If, by any means, 
we increase that energy, we must also increase the 
pressure in tlie same proportion ; or, if the gas is free 
to expand under a constant pressure, we must increase 
the volume. In other \vords, the effect of increased 
energy must be the same as the effect which we know 
follows increased temperature. What more natural 
than to infer that the unknown condition, to which 
we have given the name of temperature, is simply 
molecular energy ? Here, then, is our theoretical ex- 
planation of the law of Charles. The tetnperature of 
a body is the moving power of its molecules. At the 
0° of our absolute scale the molecules would be re- 
duced to a state of rest, and, at other temperatures, the 
Molecular energy is directly proportional to the de- 
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his scale ; so that, for example, the molecules 
273° (the 0^ of centigrade), hare oolj one- 
e energy which the same molecules possess 
temperature is raised to b46^. As the prey- 
ed bj the air must be proportioiial to the 
energy, the increased temperature will, if 
confined, doable this pressm^, or, if the air 
expand mider the constant pressure of the 
*e, it will doable the volnme. 
lid lead me too far to attempt to develop here 
eater length the dynamical theory of heat, 
'et that I am not able to do more than to give 
)utline of the remarkable properties of gases, 
beautifally explains ; bnt I take great pleas- 
3rring all who are interested in the subject 
jry excellent work of Prof. Clerk Maxwell 
eory of heat. It is not a popular work, or 
L is easy reading, but it contains a most ele- 
»sition of the modem theory of heat, in as 
form as is consistent with accuracy and con- 
is only one other point, in connection with 
ular theory of gases, to which it is important 
refer in these lectures. We have seen that 
have two essential characteristics : 1. Their 
inversely proportional to the pressure to which 
exposed ; and, 2. Their volume is directly 
lal to the absolute temperature. Now, if we 
le molecular theory of gases as true, it can 
, mathematically, that all gases at the same 
ire and pressure must have the same number 
lies in the same volume. I do not give the 
3ause it would be out of place here, and be- 
who are interested will find it in the work of 
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Prof. Maxwell, to which I have referred. It would be 
more satisfactory to enter into details, but I shall have 
accomplished the first object of this lecture if I ha^e 
been able to leave with you a clear idea of the three 
laws which may be said to define the aeriform conditioa 
of matter, and which all true gases obey — 

The Law of Mariotte, 
The Law of Chables, 
TuE Law of Avogadeo. 



The first two are independent of any theory, 
simply declare that the volume of every gas varies ift* j 
versely as the pressure, and directly as the absolute 
temperature. The third is based on the molecdar 
theory. It is more general, and includes the other two. 
It declares that equal volumes of all gases, under the 
same conditions of temperature and pressure, contaia 
the same nimiber of molecules. 

Liquids are distinguished from solids chiefly in bar- 
ing a definite surface. Their particles have the same , 
freedom of motion, but this motion is limited to tlie 
mass of the liquid. The particles of the air, if uncoB- 
fined, would move off indefinitely into space ; but tbe 
particles of this water, although moving with equal 
freedom within the liquid mass, cannot, as a rule, rise 
above what we call the surface of the water. Again, if 
we introduce a quantity of air, however small, into a 
vacuous vessel, it will instantly expand until it com- 
pletely fills the vessel. A quantity of water, under the' 
same conditions, will fall to the bottom of the vessel, 
and will be separated by a distinct surface from the 
vapor which forms above it. Lastly, if a gas is sub- 
jected to pressure, it is compressed in the exact pro- 
portion to the pressure, while with a liquid the com- 
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^Mnary light; but there is this peculiarity in the 
team. I have here a prism of well-known construc- 
tion, made of Iceland-spar, and called a Nicol prism. 







Fig. 11.— Snow-Crystate. 



The spar is as translucid as glass, and, with ordinary 
light, it transmits, as you see, the beam equally well, 
whether it is placed in one position or another. But, 
with the polarized beam, we shall have a very different 
result. In one position, as you notice, it allows the 
light to pass freely ; but, on turning it round through 
an angle of 90^, almost all the light is intercepted : 
the beam of light seems to have sides, which stand in 
a different relation to the prism in one position from 
that which they bear to it in the other. To describe 
this condition of the beam, the early experimenters 
adopted the word pola/rized^ which was not, however, 
a happy designation; for the term now implies an 
opposition of relations very unlike the difference 
which we recognize between the sides of such a beam 
of light. Placing now the Nicol prism in the posi- 
tion in which it intercepts the polarized beam, I will 
first place between it and the source of light a plate 
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quences are actually realized in natural phenomena, 
and sucb satisfaction wc can have in the present case. 
Consider what must be the form which a mass of liquid 
molecules isolated in space would necessarily take. £e> 
member that these molecules are moving with perfect 
freedom within the body, but that the extent of the 
motion of each molecule is limited by the attraction of 
the mass of the liquid. Remember also that, accord- 
ing to the well-known principles of mechanics, this at- 
traction may be regarded as proceeding from a single 
point, called the centre o£ gravity. Kemember, fur- 
ther, that the molecules have all the same moving 
power, and you will see that the extreme limits of their 
excursions to and fro through the liquid mass must be 
on all sides at the same distance from the central point 
Hence the bounding surface will be that whose points 
are all equally distant from the centre. I n^ed not tell 
you that such a surface is a sphere, nor that a mass of 
liquid in space always assumes a spherical form. The 
rain-drops have taught every one this truth. Still, a 
less familiar illustration may help to enforce it. I have 
therefore prepared a mixture of alcohol-and-water,.of 
the same specific gi'avity as olive-oil, and in it I have 
suspended a few drops of the oil. By placing the liquid 
in a cell, between parallel plates of glass, I can readily 
project an image of the drops on the screen, and I wish 
yon to notice how perfectly spherical they are. And I 
would have you, moreover, by the aid of your imagina- 
tion, look within this external form, and picture to 
yourselves the molecules of oil moving to and fro 
through the drops, but always slackening their motion 
where they approach the surface, and on every side 
coming to rest and turning back at the same distance 
from the centre of motion. 
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Y^^ appreciate the wonder of these experiments without 
^^ring in mind that these gypsum mosaics show no 
^W whatever in ordinary light, consisting, as they do, 
.^pLites which appear like colorless glass. 

Let me now substitute for the gypsum designs the 
KW plate on which we recently crystallized urea, and 
^tice that the crystals of this substance, which we 
Saw form on the glass, yield similar brilliant hues. 
The experiment becomes still more striking, if we crys- 
tallize the salt under these conditions. I will, there- 
fore, take another glass plate, and, having smeared it as 
before with the solution of urea, I will place it in the 
focus of my lens before the polarizer. The field is now 
perfectly dark, but, as soon as the crystals begin to 
form, you see these colored needles shoot out on the dark 
ground, presenting a phenomenon of wonderful beauty. 
Now, all this indicates a definite structure, and, to 
those famUiar with these phenomena, they pouit to a 
definite conclusion in regard to this structure. I wish 
I could fully develop the argument before you, but this 
would require more time than the plan of my lectures 
allows, and I must be content if I have been able to 
impress upon your minds the single general truth 
which these experiments suggest. You saw the urea 
crystallize, that is, assume a definite structure, and you 
now see that this structure so modifies the polarized 
light as to produce these gorgeous hues. You have 
seen similar hues, but stiU more brilliant, produced by 
a plate of gypsum, and I can only add that the conclu- 
sion which the analogy suggests is legitimate, and sus- 
tained by the most conclusive evidence. The trans- 
parent plates of gypsum have as definite a structure as 
the crystals of urea, and to the student of optics these 
colors reveal that structure just as clearly as it is mani- 
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1 nnglo of 45", wliich iB the half of a rigbt ang 
J. 8). 

For a further illuetration of the process of c 
iizatiou I have prepared a 8oUitioti io alcohol of a. 




substance called urea, with which we will experimrait 
in precisely the same way as before. . . . The process 
of crystallization, wliich is here so bcantifiilly exhibited, 
13 one of the most striking phenomena in the whole 
range of experimental science. It is, of coarse, not so 
wonderful as the development of a plant or an ammiJ 
from its germ, but then organic growth is slow and 
gradual, while here bcauti^l, symmetrical forms shape 
themselves in an instant out of this liquid mass, reveal- 
ing to us an architectural power in what we call lifelesa 
matter, whose existence and controlling influence hot 
few of us have probably realized. The general order 
of the phenomena in this experiment is the same as in 
the last ; but notice how different the details. "We io 
not see here that tendency to ramify at a definite angle, 
hut the crystals ehoot out in straight lines, and cover tlic 
plate with bundles of crystalline fibres, which meet orin- 
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Wsect each other irregularly as the accidental directions 
^f the several shoots may determine (Fig. 9). As belbre, 
We cannot recognize the separate crystals ; indeed, large 
iBolated crystals, such as you may see in collections of 
Joinerals, cannot be formed thus rapidly. They are of 
growth, and only found where the conditions have fa- 
their development. But all the mineral substances, 
'which the rocks of our globe consist, have a crystal- 
structure, and are aggregates of minute crystals like 
arborescent forms whose growth you have witnessed. 
The external form is but one of the indications of 
le structure, and by various means this structure 
ly frequently be made manifest when the body appears 
►Uy amorphous. Nothing could appear externally 
►re devoid of structure than a block of transparent 
ice. Yet it has a most beautifiil symmetrical structure, 
which can easily be made evident by a very simple ex- 
periment, originally devised, I believe, by Prof. Tyn- 
dall. For this purpose I have prepared a plate of ice 
about an inch in thickness, whose polished surfaces are 
parallel to the original plane of freezing. I will now 
place this plate in front of the condenser of my lantern, 
and, placing before it a lens, we will form on the curtain 
an image of the ice-plate, some twenty times as large as 
the plate itself. The rays of heat which accompany 
the light-rays of our lantern soon begin to melt the ice ; 
but, in melting it, they also dissect it, and reveal its 
structure. . . . Notice those symmetrical six-pointed 
stars which are appearing on the wall (Fig. 10). Prof. 
Tyndall calls them, very appropriately, ice-flowers, for, 
as the flower shows forth the structure of the plant, so 
these hexagonal forms disclose the six-sided structure 
of ice. You can hardly fail to notice the similarity of 
these forms to those of the snow-flake. The six petals 
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NoWy wc BuppoBO thaty in solid bodies, the stmcture 
depends on the polarity of the molecules, and that the 
molecules, like the bits of iron in our experiment, take 
up the relative position which the polar forces require. 
And, next, I will show you that a beam of polarized 
light develops in some solids an evidence of structure 
not very unlike that you have just seen. 

lietuming, then, to our polariscope, I place in the 
beam of light a plate of Iceland-spar cut in a definite 
manner. . . . See those radiating lines, and those iris- 
colored circles (Fig. 14). Does not that remind you of 
the structure we developed around a single magnetie 
pole ? Next, I will use a similar plate cut firom a crys- 
tal of nitre ; . • . • and, see, we have almost the repro- 
duction of the curves about the double pole (Fig. 15). It 
is the form of the curves as indicating a certain struct- 
ure, not tlie brilliant colors, to which I would direct your 
attention. The iris hues are caused simply by the 
breaking up of the white light we are using; for the 
crystal decomposes it to a greater or less extent, like a 
j^risni. If, by interposing a plate of red glass, we cut 
off all the rays except those of this one color, the varied 
tints disappear, but, in the black curves which now take 
their place, the analogy I am endeavoring to present 
becomes still more marked. Certainly, you could have 
no more striking analogy than this. I can add nothing 
by way of commentary to the experiments without 
entering into unsuitable details, and I will only say, 
further, that I am persuaded that the resemblances we 
have seen have a profound significance, and that the 
structure, which the polarized beam reveals in these 
solid bodies, is really analogous to that which the mag- 
net produces from the iron filings. 
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HOW MOLECULES ABE WEIGHED. 

In order that we may make sure of the ground wo 
have thus far explored, let me recapitulate the charac- 
teristic qualities of the three conditions of matter 
which I sought to illustrate in the last lecture. 

A gas always completely fills the vessel by which it is 
inclosed. It is in a state of permanent tension, and con- 
forms to the three laws of Mariotte, of Charles, and of 
Avogadro. A liquid has a definite surface. It can be 
only very slightly compressed, and obeys neither of 
these three laws. A solid has a definite structure, and 
resists both longitudinal and shearing stresses to a lim- 
ited extent. 

Having now presented to you the molecular theory 
as fiilly as I can without entering into mathematical 
details, I come back again to the great law of Avoga- 
dro, which is at the foundation of our modem chem- 
istry : 

When in the condition of a perfect gas^ aU sub- 
stances J under like conditions of tem/perature a/nd press- 
ure^ contain in equal volumes the same number of inole- 
cules. 

I have already shown you that, if we assume the 
general truth of the molecular theory (in other words, 
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if we assume that a mass of gas is an aggregate of ii 
lated moving molecules), then the law of AvogacLro 
follows as a necessary consequence from the knowi^ 
]>roperties of aeriform matter, and may, therefore, in. a 
certain limited sense, be said to be capable of proofs 
As yet, however, we have only considered the purelj 
physical evidence in favor of the law. We come next 
to the chemical evidence which may be adduced in siEJ)- 
port of its validity, and this is equally strong. 

It would be impossible at the present stage of o^ 
study to make the force of this evidence apparent, l>^ 
cause, so far as chemistry is concerned, the lawof Av'^ 
gadro is a generalization from a large mass of fiicts, axid 
the proof of its validity is to be found solely in the ci^" 
cumstance that it not only explains the known facts csl^ 
chemistry, but that it is constantly leading to new 4^^ 
coveries. This law, as I have intimated, bears abo''*^ 
the same relation to modem chemistry that the law o^ 
gravitation does to modem astronomy. Modem astro^' 
omy itself is the proof of the law of gravitation ; mo^' 
em optics the proof of the undulatory theory of ligh*^ ' 
and so the whole of modem chemistry, and nothii*^ 
less, is the proof of the law of Avogadro. I do not s^^ 
that this great law of chemistry stands as yet on ^ 
firm a basis as the law of gravitation ; but I do say th^* 
it is based on as strong foundations as the undulatot^ 
theory of light, and is more fully established to^X 
than was the law of gravitation more than a centur^ 
after it was announced by Newton. I have already 
briefly referred to the history of the law. 

The original memoir was published by Amedeo 
Avogadro in the Journal de Physique^ J^ly^ 1811. i* 
this paper the Italian physicist " enunciated the opinion 
that gases are formed of material particles, sufiSciently 
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^^moved from one another to be free from all recipro- 

^5«J attraction, and subject only to the repulsive action 

of heat ; '' and, from the facts, then already well estab- 

liBbed, that the same variations of temperature and press- 

^ire produce in all gases nearly the same changes of vol- 

^nue, he deduced the conclusion that equal volumes of 

^ gases, compound as well as simple, contain, under 

^e conditions, the same number of these molecules. 

This conception, simple and exact as it now appears, 
"^as at the time a mere hypothesis, and was not ad- 
vanced even with the semblance of proof. The discov- 
^^y of Gay-Lussac, that gases combine in very simple 
pi'oportions by volume, was made shortly after, and, 
tad its important bearings been recognized at once, it 
'Would have been seen to be a most remarkable confir- 
mation of Avogadro's doctrine. But the new ideas 
passed almost unnoticed, and were reproduced by Am- 
pere in 1814, who based his theory on (he experiments 
of Gay-Lussac, and defended it with far weightier evi- 
dence than his predecessor. Still, even after it was 
thus reaffirmed, the theory seems to have received but 
little attention either from the physicists or the chem- 
ists of the period. The reason appears to have been 
that the integrant molecules of Avogadro and the par- 
tides of Ampere were confused with the atoms of Dal- 
ton, and, in the sense which the chemists of the old 
school attached to the word atom, the proposition ap- 
peared to be true for only a very limited number even 
of the comparatively few aeriform substances which 
were then known. Moreover, the atomic theory itself 
was rejected by almost all the German chemists ; and, 
in physics, the theory of a material caloric then pre- 
vailing was not enforced by the new doctrine. In a 
word, this beautiful conception of Avogadro and Am- 
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|H*rc came before science was ripe enough to 
by it. A half-century, however, has produced an iio- 
niense change. The development of the modem the- 
ory of chemistry has made clear fiie distinction Mween 
molecules and atoms, while the number of sabstances 
known in their aeriform condition has been vastly in- 
creased. It now appears that, with a few exceptions, 
all these substances conform to the law, and these ex- 
ceptions can, for the most part at least, be satisfiwitorily 
explained. On the other side, in the science of physics, 
more exact notions of the principles of dynamics 
become general, and the dynamical theory of 
necessarily involves the law of equal molecular vol- 
umes. Thus, this theory of Avogadro and Ampere, 
which remained for half a century almost barren, has 
conic to stand at the diverging-point of two great sci- 
ences, and is sustained by the concurrent testimony of 
both. It is not, then, without reason that we take this 
law as the basis of the modem system of chemistry; 
and, starting from it, let us see to what it leads : 

In the first place, then, it gives us the means of de- 
termining directly the relative weight of the molecules 
of all such substances as are capable of existing in the 
aeriform condition. For, it is obvious, if equal voturm 
of two gases contain the same number qf molecules^ therd- 
ative weights of these molecvles must he the same as th 
7'elutive weights of the equal gas-mlum^s. Thus, a cubic 
foot of oxygen weighs sixteen times as much as a cubic 
foot of hydrogen under the same conditions. If, then, 
there are in the cubic foot of each gas the same number 
of molecules, each molecule of oxygen must weigh six- 
teen times as much as each molecule of hydrogen. 

It is much more convenient in all chemical calcula- 
tions to use the French system of weights and meas- 
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Tires; and since, through modem school-books, the 
liames of these measures have become quite familiar 
to almost every one, I think I can refer to them with- 
out confusion. The Accompanying table will serve to 
i^esh your memory, and may be useful for reference : 

The metre is approximately the TTr.Wir.Tnnri^^^ ^f ^ 
fuadrant of a meridian of the earth measured from the 
pde to the equator. 

The mstre equala 10 decimetres or 100 centimetres. 

The cubic metres or stere^ equals 1,000 cvhic decime- 
^es or litres. 

The cvbic decimetre^ or litrCj equals 1,000 cvhic cen- 
^^imetres. 

The gra/mme is the weighty i/n vacuo, of one cubic 
oetitimet7'e of water at 4° centigrade (the jpoint of maxi- 
mum density). 

The kilogramme equals 1,000 grammes, and is, there- 
fore, the weight of one cvhic decimetre or litre of water 
%mder the same conditions. 

The crith is the weight, in vacico, of one litre of 
hydrogen gas at 0° centigrade {the freezing-point of 
water\ and at 76 centimetres {the normal height of the 
harometer). It equals 0.09 of a gramme very nearly. 

The metre is equal to Sifeet nearly. 

The litre is equal to lipint nearly. 

The gramme is equal to 15^ gravns nearly. 

The kilogramme is equal to 2^ pounds nearly. 

The convenience of the French system depends not 
at all on any peculiar virtue in the metre (the standard 
of length On which the system is based), but upon the 
two circumstances — 1. That all the standards are divided 
decimally so as to harmonize with our decimal arithme- 
tic ; and, 2. That the measures of length, volume, and 
weight, are connected by such simple relations that any 
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one can be most readily rcdneed to cither of tlie ote 
two. In order to make clear these last relations, I must 
ask you to distinguish between two terms which are 
constantly confounded in the ordinary use of language, 
namely, density and specific gravity. 

Tlie density of a substance is the amount of matter 
in a unit-volume of the substance. In the English sys- 
tcin it is the weight in grains of a cubic inch, and in the 
French system the weight in grammes of a cubic ceuti- 
inetre. Thus the density of wrought-iron is 1,966 
grains English, or 7.7S8 grammes French. So also the 
density of water at 4° centigrade (the point of maid- 
nmin density) is 252.5 grains, or 1 gramme. 

The specific gravity of a substance is the ratio be- 
tween the weight of the substance and that of an equal 
volume of some other substance taken as a standard. 
For liquids and solids, water is always the standard 
selected, and the specific gravity, therefore, expresses 
how many times heavier the substance is than water. 
It can evidently be found by dividing the density of 
the substance by the density of water, because, as we 
have just seen, these densities are the weights of equal 
volumes. Hence the specific gravity of iron equals— 

1900 grains 7.788 grammes 



——. — or 



= 7.788 



252.5 grains 1 gramme 

Of course, the specific gravity of a substance will be 
expressed by the same number in all systems ; and, fur- 
ther, in the French system, as the example just cited 
shows, this number expresses the density as well as the 
specific gravity. Density, however, is a weight, while 
specific gravity is a ratio, and the two sets of numbers 
are identical in the French system only because in that 
system the cubic centimetre of water has been selected 
as the unit of weight. 
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In the French system, then, the same number cx- 
Jsses both the specific gravity and also the weight of 
3 cubic centimetre of the substance in grammes ; and, 
ce both 1,000 grammes = 1 kilogramme, and 1,000 
3ic centimetres = 1 litre, it expresses also the weight 
one litre in kilogrammes. These relations are shown 
the following table : 

The specific gravity of a liquid or solid shows how 
^ny times heavier the hody is tha/n an equal volume 
water at 4® centigrade. The same number expresses 
o the weight of one cubic centimetre of the substance 
gramm£s^ or of one litre i/n hiLogrammes. 



Alcohol. Water. 

1 1 ■' . =< 




Solphur. 




Iron. 




Gold. 






1 1 


=5 

■ ■ = 


■ 


^H 


\ 




-. 










p. Gr., 0.8 


1. 


8.1 


7.8 


19.8 


density, 0.8 gram. 


1. gram. 


2.1 gram. 


7.8 gram. 


19.8 gram. 



The black squares are supposed to represent cubic 
itimetres. K assumed to represent cubic decimetres, 
5n the weights which measure the densities would be 
kilogrammes instead of grammes. It will now be 
n how simple it is in the French system to calculate 
ight from volume. When the specific gravity of a 
^stance is given, we know the weight both of one 
)ic centimetre and of one litre of that substance, and 

have only to multiply this weight by the number 
cubic centimetres, or of litres, to find the weight of 
I given volume. Thus the weight of a wrought-iron 
ler-plate \ centimetre thick, and measuring 120 cen- 
letres by 75, would be — 

0.5 X 120 X 75 X 7.788 = 35,046 grammes. 

In general — 

W.=y.xSp. Gr. 
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When V. is given in cubic centimetres, the resultmg 
weight will be in grammes ; when in litres, the weigbt 
will be kilogrammes. 

In estimating the specific gravity of gases, we avoid 
large and fractional numbers, by selecting, as our stand- 
ard, hydrogen gas, which is the lightest form of ma^ 
ter known ; but we thus lose the advantage gained hj 
having the unit- volume of our standard the unit of 
weight. It is no longer true that W.=V. xSp. Gr. 
In order to preserve this simple relationship, it has 
been found convenient to use in chemistry, for estimat- 
ing the weight of aeriform substances, another unit 
called the crith. The crith is the weight, in vccfw^ 
of one litre of hydrogen gas at 0° centigrade, and 
with a tension of 76 centimetres. It is equal to 0.09 
of a gramme nearly. We may now define the density 
of a gas as the weight of one litre of the substance in 
criths, and its specific gravity as a number which shows 
how many times heavier the aeriform substance is than 
an equal volume of hydrogen under the same condi- 
tions of temperature and pressure. We always esti- 
mate the absolute weight of a gas under what we call 
the standard condition, namely, when the centigrade 
thermometer marks 0°, and the barometer stands at 76 
centimetres. But, in determining the specific gravity 
of a gas, the comparison with the standard gas may be 
made at any temperature or pressure, since, as all gases 
are affected alike by equal changes in these conditions, 
the relative weights of equal volumes will not be altered 
by such changes. The subject may be made more 
clear by the following table : 

The specific ffravity of a gas shows how many times 
heavier the aeriform substance is than an equal volume 

hydrogen gas under the same conditions of tem^peror 



DENsnr Ain> spbcitic oratiit. ;i 

d prepare. The wme narnier also ea^resaea the 
in eriths of one Hire &f the go* under the stand- 




7 we have again W. = V. x Sp. Gr., only wo 
^member tbat W. here atands for n certain num- 
rithe, V. for a certain nnmber of litres, and Sp. 
the specific gravity of the gas referred to hy- 
a number which also expr^ses the weight of 
e of the gas in critbs. 

return now to the subject of molecular weights, 
litre of hydrogen weighs one crith, and one litre 
ren sixteen critbs, and if both contain the same 
■ of molecules, then each molecule of oxygen 
eigh sixteen times as much as each molecule of 
en. Or, to put it in another way, represent by 
onstant number of molecules, some billion bill- 
ich a litre of each and every gas contains, when 
the standard conditions of temperature and 
e. Then the weight of each molecule of hydro- 
1 be — of a crith, and that of each molecule of 
— of a crith, and evidently 



again, the weights of the molecules liave the 
ilation to each other as the weights of the equal 
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gas-volmnes. Excuse such an obvious demonstration, 
but it is so important that we should fully grasp this 
conception that I could not safely pass it by with a few 
words. It is so constantly the case that the simplest 
processes of arithmetical reasoning appear obscure whea 
the objects with which they deal are not familiar. 

Since, then, a molecule of any gas weighs as mnch 
more than a molecule of hydrogen, as a litre of tlie 
same gas weighs more than a litre of hydrogen, it. is 
obvious that, if we should select the hydrogen-molecule 
as the unit of molecular weights, then the number rep- 
resenting the specific gravity of a gas would also ex- 
press the weight of its molecules in these units. For 
example, the specific gi'avity of oxygen gas is 16, that 
is, a litre of oxygen is sixteen times as heavy as a litre 
of hydrogen. This being the case, the molecule of 
oxygen must weigh sixteen times as much as the mole- 
cule of hydrogen, and, were the last our unit of molec- 
ular weights, the molecule of oxygen gas would weigh 
16. So for other aeriform substances. In every case 
the molecular weight would be represented by the 
same number as the specific gravity of the gas referred 
to hydrogen. 

Unfortunately, however, for the simplicity of our 
system, but for reasons which will soon appear, it has 
been decided to adopt as our unit of molecular weight 
not the whole hydrogen-molecule, but the half-mole- 
cule. Ilcncc, in the system which has been adopted, 
tlie molecule of hydrogen weighs 2 ; the molecule of 
oxygen, which is sixteen times heavier, 16 times 2, or 32; 
the molecule of nitrogen, which is fourteen times heav- 
ier, 14 times 2, or 28 ; and, in general, the weight of the 
molecule of any gas is expressed by a number equal to 
twice its specific gravity referred to hydrogen. Noth- 
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bg, tben, can be simpler than the finding of the nio- 
leeular weight of a gas or vapor on this system. We 
liave only to determine the specific gravity of the aeri- 
form substance with reference to hydrogen gas, and 
double the number thus obtained. The resnlting prod- 
act is the molecular weight required in terms of the 
niiit adopted, namely, the half-molecule of hydrogen. 
f erijftps there may bo some one who, having lost one 
orniore of the steps in the reasoning, wishes to aak the 
question, Why do you douhU the specific gravity in 
this method ? Let me answer by recapitulating. It all 
depends on thennit of molecular weights we have adopt- 
^ Had we selected the whole of a hydrogen-molecule 
MoQr unit, then the number expressing the specific grav- 
id of a gas would also express its molecular weight ; 
but, on aceoimt of certain relations of our subject, not 
Jet explained, which make the half - molecule a more 
•^nvenient unit, we use for the molecular weights a 
*^ of numbers twice aa large as they would be on 
^Iwit might seem, at first sight, the simpler assumption. 
In order to give a still greater definitenees to our 
'inceptions, I propose to call the unit of molecular 
*fi;rlit we have adopted a microcrith, even at the risk 
'^' coining a new word. We already have become 
'^miliar with the crith, the weight of one litre of hy- 
^ogen, and I have now to ask you to accept another 
""it of weight, the half hydrogen-molecule, which wo 
*ill e/ill for the future a microcrith. Although a unit 
'"'a very different order of magnitude, as its name iui- 
P^es, the microcrith is just as real a' weight as the 

I the gramme. We may say, then, that 
A mdeciile of hydrogen woigiia 2 miorocritlia. 
" oxygen " 32 " 
" nitrogen " 38 " 
" ei/orine " 71 " 
L 
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Now, what I am most anxious to impress nponj 
your minds is the truth that, if the molecules, as ira 
ht'lieve, arc actual pieces of matter, these weights ni 
real magnitudes, and that we have the same knovlp 
e<l^ in regard to them that we have, for example, in re* 
pinl to the weights of the planets. The planets are Tio- 
hie objects. We can examine them with the telescope; 
and, when we are told Jupiter weighs 320 times M 
much as the earth, the knowledge seems more real to 
us than the inference that the oxygen-molecule weighs 
32 microcriths. But you must remember that your 
knowledge of the weight of Jupiter depends as wboOf 
on the law of gravitation as does your knowledge of 
the weight of the molecules of oxygen on the law of 
Avogadro. You cannot, directly, weigh either the 
large or the small mass. Your knowledge in regard 
to the weight is in both cases inferential, and the only 
question is as to the truth of the general principle on 
which your inference is based. This truth admitted, 
your knowledge in the one case is just as real as it 
is in the other. Indeed, there is a striking analogy 
between the two. The units to which the weights are 
respectively referred are equally beyond the range of 
our experience only on the opposite sides of the com- 
mon scale of magnitude ; for what more definite idea 
can we acquire of the weight of the earth than of the 
molecule of hydrogen, or its half, the microcrith ? It is 
perfectly true that, from the experiments of Maskelyne, 
Cavendish, and the present Astronomer-Royal of Eng- 
land, we are able to estimate the approximate weight 
of the earth in pounds, our familiar standard of weight; 
and so, from the experiments of Sir W. Thompson, we 
arc able to estimate approximately the weight of the 
l^ydrogen- molecule, and hence find the value of the 
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BUCTOcrith in fractions of the crith or gramme.' It is 
trne that the limit of error in the last cjise U very much 
hr^T than in the firat, but this difl'erence is one which 
ftitnre investigation will in all probability remove. 
) I have dwelt thus at length on the detinition of 
j nioleenlar weight, because, without a clear conception 
I of thia order of magnitudes, we cannot hope to study 
t^e philosophy of chemistry with success. Our the- 
' oiy, I grant, may all be wrong, and there may be no 
j sueh things as molecules ; but, then, the philosophy of 
^srj science assumes similar fundamental prmeiplea, 
of whidi the only proof it can oifer is a certain har- 
I oiOBy with observed facts. So it is with our science. 
'le new chemistry asBumes as its fundamental pos- 
tulate that the magnitudes we call molecules are reali- 
ties ; but this is the only postulate. Grant the postu- 
'"te, and yon wOl find that all the rest follows as a 
"eeessary deduction. Deny it, and chemistry, as a aci- 
^^ce, can have no meaning for yon, and it is not worth 
yonr while to pursue the subject further. If, therefore, 
»o Would become imbued with the spirit of the new 
philosophy of chemistry, we must begin by believing 
la molecules ; and, if I have succeeded in setting forth 
m a clear light the fundamental truth tliat the mole- 
cules of chemistry are definite masses of matter, wliose 
freight can be accurately determined, our time has 
been well spent. 

Before concluding this portion of my subject, it only 
remains for me to illustrate the two most important 
J>r«etieal metliods by which the molecular weights of 
Substances are actually determined. It is evident from 

' AfConJini* to Thompaon, one cubic incii of anj perfect g«R contulns, 
liidcr Btanduni conditions, 10'' tnoloculfif. Qtiice, nne \\ttO OOiAA'M 
H X 10" tnoleoulofl aad I crith = 122 x 10" nikrootviha. 
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what has been said that we can easily find the mo\emr 
hir weight of any substance capable of existing in the 
state of gas or vapor, by simply detennining expov 
mentally the specific gravity of sucb gas or vapor wifli 
reference to hydrogen. Twice the number thus ob- 
tained is the molecular weight required in microcrithfl. 

Now, the specific gravity of an aeriform substance 
is found by dividing the weight of a measured volume 
of the substance by the weight of an equal volume of 
hydrogen gas under the same conditions. This simple 
calculation implies, of course, . a knowledge of two 
quantities : first, the weight of a measured volume rf 
the substance, and, secondly, the weight of an equal 
volume of hydrogen gas under the same conditiona. 
Of these two weights, the last can always be calculated | 
(by the laws of Mariotte and Charles) from the weight 
which a cubic decimetre of hydrogen, under the stand- 
ard conditions, is known to have, namely, 0.0896 
gramme or 1 crith ; so that the method practically re- 
solves itself into weighing a measured volume of the 
gas or vapor and observing the temperature and press- 
ure of the substance at the time. There are always at 
least four quantities to be observed : first, the volume of 
the gas or vapor ; secondly, its weight ; thirdly, its tem- 
perature ; fourthly, its tension ; and, lastly, the weight 
of an equal volume of hydrogen, under the same condi- 
tions, is to be calculated from the known data of science. 

The most common case that presents itself is that 
of a substance which, though liquid or even solid at 
the ordinary temperature of the air, can be readily 
converted into vapor by a moderate elevation of tem- 
perature ; §uch a substance, for example, as alcohol. 
Kow, we can find the weight of a measured volume of 
such a vapor at an observed temperature and tension 



DUUAS' HEFHOn. 77 

in one of two ways, Loth of which are in general uec. 
In the first process we Cll a glass globe of kntnen the 
with tlie vapor, and weigh tliis measured volume. In 
tlio secund, we weigh out in a liliputiau gla^a bottle a 
BmaU qnautitj of the substance, and, Laving coQverttd 
tile whole of it into vapor, we measure the volnme 
ffiiicb it yields. 

The first process, devised by Dumas, of Paris, and 
knowTi by his name, is conducted as follows : We take 
a glass matrass (a thin glass globe, with a loog ueck), 
Hud, heating the neck in a gloss-blower's lamp (a« near 
to the body of the matmss as possible) we draw it out 
into a capillary tube, three or fonr inches Iciig. Hav- 
ing first weighed the glass, we introduce into the globe 
a few table-spoonfuls, we will say, of pare alcohol ; and 
(Ma wo can readily do by alternately heating aud cool- 
ing the vesse]. We then mount the globe in a brass 
'nme, and sink it under melted paraffine, but so that 
the capillary opening shall rise above the surface of 
the hot liquid. A common iron pot serves to hold the 
pnraffine (Fig. 18), which is heated over ^ gas-lamp, 
and a thermometer dipping in the bath enables ns to 
iratch the temperature. 

Of course, the alcohol is soon volatilized, and the 
balloon filled with its vapor. The excess escapes 
through the capillary tube, and, by lighting the jet, we 
can tell when the vapor in the globe is in equilibrium 
with the external air, for at that moment the Hame 
will go out. We now, with a blow-pipe, melt the 
glass around the opening of the capillary tube, and 
thus hermetically seal up the vapor in the globe. At 
the same time we note the height of the barometer 
«ti4 the temperature of the bath. The height of the 
iter gives us the tension of the va\ior mt\\ft\i'i\- 
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I loon, hecaufip, at tlio moment of Bealiog, the tensiuii 
I was equul to the pressure of tlie air wltii'b the baroae- 
I tor directly measarcs, and the teraperatare of the «■ 
I por must be the same as the temperatnre of the bath. 
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We caD now remove the globe, and, after it B 
cooled and carefully cleaned, weigh it at oar leisw*- 
We must remember, however, that the apparent wa^t 
of the globe in the balance is not its true weight, be- 
cause, like a balloon, the globe is bnojed op by theW 
it displaces, and we must therefore correct the oIk 
Bcrved weight by adding to it the weight of the ti* 
displaced. This correction our knowledge of the wei^ 
of air under varying conditions enables us to calculate 
with the greatest accuracy, assiuning, of couise, that 
the volume of the globe is known ; and, when, frt*i 
the weight of the globe thus corrected, we sabtr&ct thfl 
weight of the glass previously found, the remainder J> 
the weight of alcohol-vapor which just filled the glot* 
at the moment of sealing, and when it had the tem- 
perature and pressure we have noted. 

Of the four quantities re<juired, we have now ol>- 
served three, namely, tlie w»i\g\A w? ^ft va^r, its tcm- 
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^^tare, and its tension. We also know that its vol- 
^© was that of the globe when we sealed up its 
^tith. Since, however, we use a new globe for each 
^termination, we have always to measure its volume, 
*^d this, practically, is the last step of the process. 
«e volume is most readily found by filling the globe 
ith water, and weighing. The weight of the water 
^ grammes gives the volume of the globe in cubic 
sntimetres very closely. The globe, moreover, is 
asily filled, because the condensation of the vapor, on 
ooling, leaves a partial vacuum in the interior, into 
^hich the water rushes with great violence as soon as 
te tip is broken off under the surface of the liquid. 
Emitting certain small corrections which it is not best to 
liseiiss in this general exposition of the subject, we may, 
lastly, arrange our calculation in the following form : 

Determination of the Molecular weight of Alcohol^ hy 

DumcuP Method. 

^olame of glass globe 500 cubic centimetres. 

*emperatare at time of closing 273° centigrade. 

[eight of barometer measuring the ten- ) ^^ centimetres. 

sion of vapor at time of closing ) 

height of globe and vapor 284.29 criths. 

orrection for buoyancy, equal to weight 
of 500 cubic centimetres of air at 0° 
cent, and 76 centimetres, the tem- 
perature and pressure in the balance- 
case when the globe was weighed. . . 

241.50 " 

T'eight of glass 230. " 

/"eight of alcohol-vapor 11.50 

/"eight of 500 cubic centimetres of hy- ' 
drogen gas at 273°, and 76 c. m. 
found by calculation, as explained 

rfbove 

11.50 -T- 0.5 = 23 sp. gr. of alcohol- vapor. 
23 X 2 = 46 molecular weight of alcohol. 



7.21 « 



0.5 



II 



ct 



I 



eo HOW ItOLECULES jUtB WEIGHED. 

The Becond process to -which I referred waa origi-l 
nally inveDted bj Gaj-Lnseac, bat recently hae beeol 
very greatly improved by Professor Hoftnanii, of Berlk 1 
Ilofmann's apparatus (Fig. 19) consiEte of a wide barom- 1 
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etcr - tube, about a metre long, and gradaated into 
cubic een till! ct res. This tube is filled with mercury, 
and inverted over a mercury-cistern, as in the experi- 
ment of Torricelli (Fig. 20). The mercury sinks, of 
course, to the height of about 76 centimetres, leaving 
a vacuous space at the top of the tube, and into this 
space is passed up a very small glass-stoppered bottle, 
containing a few criths of tlic substance to be experi- 
mented on. Around the upper part of the tube is ad- 
justed a somewhat larger tube, also of glass, which 
serves as a jacket, and through this is passed steam 
(or the vapor of a liquid boiling at a higher tempera- 
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s than water), in order to heat the apparatus to t 
tstaiit and known temperature. 

t us suppose tiiat the suhgtance, whoso uiulecular 
ght we now wish to find, ia common ether. Wo 





Fia. 20,— Tom will' a Eiperin 



begin by weighing our little bottle, first when empty, 
and then when filled with ether, thus determining, with 
great accnracy, the weight of the qoantity of ether 
used. With a little dexterity we next paas the bottle 
under the mercury into the barometer-tube, when it 
at once rises into the vacuous space. We now pass 
free steam through the jacket, until we are sure that 
the temperature of tbe apparatus is constant at, say. 
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100° centigrade. The ether, expanding with the heal^ 
Boon forces out the glass stopper by which it was con- 
lined, and evaporates into the space above the mercury, 
depressing the column. At first the column osdt 
lates violently, but it soon comes to rest, and we can 
then read on the graduated scale the volume of the 
vai>or which the weight of ether taken has yieldei 
This vapor is evidently at the temperature of boiling 
water, or 100° centigrade ; but what is its tension? 

The method of measuring the tension will be ob- 
vious if you reflect that, in this apparatus, the press- 
ure of the air on the surface of the mercury in the m- 
tern is balanced by the mercury column in the tube 
and the tension of the vapor pressing on the upper 
surface of this column. Hence, the height of the col- 
umn in the tube will be less than that of a true barom- 
eter in the neighborhood by just the amount of this 
tension. In order to find the tension, we have, there- 
fore, only to observe the height of the barometer, and 
subtract from this the height of the column in our tube, 
wliicli we must now measure with as much accuracy as 
possible. Omitting, as in the previous example, a few 
small corrections, our calculation will now appear thus: 

Determination of the Molecular weight of Ether by 
Oay-Lit8sac*8 method^ improved hy Hofmann, 

Woijj^lit of ethor taken 2.589 criths. 

Volume of vapor formed 125 cubic centimetres. 

Temperature of vapor 100° centigrade. 

Height of barometer 76 c. m. 

lleijijht of column in tube 19 c. m. 

Tension of vapor 67 centimetres.* 

AVeiglit of 125 cubic centimetres of hy- \ 

drogen gas at 100° and 57 centime- V 0.0686 of a crith. 

tres, by calculation ) 

2.539 -7- 0.0686 = 37 sp. gr. of ether. 
87 X 2 = 74 molecular -sw^i^li^. oi ftt\i^T. 
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As has been stated, the two methods of determining 
olecular weight, just described, apply only to those 
bstances whidi can be readily volatilized by a modcr- 
e elevation of temperature. With some slight modi- 
;ations, the first method may likewise be used for the 
Jnnanent gases ; and, by employing a globe of porce- 
in, St,-Claire Deville has succeeded in determining, 

the same way, the molecular weight of several sub- 
ances which do not volatilize under a red heat. But 
great number of substances cannot be volatilized at 

I within any manageable limits of temperature, and a 
]\ larger number are so readily decomposed by heat 
to be incapable of existing in the aeriform condition, 
le molecular weight of such bodies cannot, of course, 

determined by direct weighing. In most cases, bow- 
er, we are able to infer with considerable certainty 
3 molecular weight of these non-volatile bodies from 
mowledge of their composition and other chemical 
ations ; but, nevertheless, there are numerous in- 
.nces in which the conclusions thus drawn are very 
estionable, and a great deal of the uncertainty, which 

II obscures the philosophy of our science, arises from 
s circumstance. 



LECTUEE IV. 

CHEMICAL COMPOSITION — ANALYSIS AND SYNTHESI&— THB 

ATOMIC THBOBY. \ 

In my previous lectures I have endeavored to give 
you a clear idea of the meaning which our modern 
science attaches to the word molecule, I must next 
attempt to convey, as far as I am able, the correspond- 
ing conception which the chemist expresses by the word 
atom. The terms molecule and atom are constantly 
confounded ; indeed, have bfeen frequently used as sy- 
nonymous ; but the new chemistry gives to these words 
wholly difierent meanings. We have already defined a 
molecule as the smallest mass into which a substance is 
capable of being subdivided without changing its chemi- 
cal nature ; but this definition, though precise, does 
not suggest the whole conception ; for the molecule 
may be regarded from two very difierent points of view, 
according as we consider its physical or its chemical re- 
lations. To the physicist, the molecules are the points 
of application of those forces which determine or modify 
the physical condition of bodies, and he defines mole- 
cules as the small particles of matter which, under the 
influence of these forces, act as units. Or, limiting his 
regards to those phenomena from which our knowledge 
of molecular masses is chiefly derived, he may prefer to 
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dfine molecules as those small particles of bodies which 
re not subdivided when the state of aggregation is 
hanged by heat, and which move as units under the 
nfluence of this agent. 

To the chemist, on the other hand, the molecules 
letermine those differences which distinguish sub- 
stances. Sugar, for example, has the qualities which we 
associate with that name, because it is an aggregate of 
molecules which have those qualities. Divide up a 
lump of sugar as much as you please. The smallest 
mass that you can recognize still has the qualities of 
sugar; and so it must be, if you continue the division 
down to the molecule. The molecule of sugar is sim- 
ply a very small piece of sugar. Dissolve the sugar in 
^ater, and we obtain a far greater degree of subdivision 
than is possible by mechanical means ; a subdivision 
^Mch, we suppose, extends as far as the molecules. 
The particles are distributed through a great mass of 
"quid, and become invisible ; still, the quahties of the 
JQgar are preserved ; and, on evaporating the water, 
^e recover the sugar in its solid condition ; and, ac- 
Ording to the chemist, the qualities are preserved, be- 
ause the molecules of sugar have remained all the 
^hile unchanged. 

Consider, in the second place, a lump of salt. Tou 
not alter its familiar qualities, however greatly you 
lay subdivide it, and the molecules of salt must have 
il the saline properties which we associate with this 
ibstance. Dissolve the salt in water, and you simply 
ivide the mass into molecules. Convert the salt into 
apor, as you readily can, and again you isolate the 
lolecules as before. But, through all these changes, 
ae salt remains salt ; it does not lose its savor, because 
be individuality of the molecules is preserved. So is 
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it with every substance. It is the molecnles in whicb 
the qualities inhere. Hence the chemist's definition of 
a molecule : The smallest pariides of a mbdanae m 
which its qualities inhere^ or the smallest particles of a 
substance which ccm exist hy themseVoes ; for both defi- 
nitions are essentially the same. 

Hitherto we have onlv considered molecules as dit 
fering from each other in weight, and have learned how 
to determine their weight ; but now we have to regard 
them as difiering in all those qualities which distlBgaisli 
substances. Considering only the ordinary chemical 
relations of the two substances, a molecule of sugar dif- 
fers from a molecule of salt in precisely the same way 
that a lump of sugar differs from a lump of salt. In a 
word, what is true of the substance in mass is true of 
its molecules. Hence it is that, in studying the chemi- 
cal relations of substances, we may, as a rule, confioe 
our attention to the relations between their molecnles, 
and this very greatly simplifies the problems with 
which we have to deal ; and, in the admirable system of 
chemical notation, to which I shall hereafter call yomr 
attention, the symbol of a substance stands for one 
molecule, and in using these symbols to represent chemi- 
cal changes — reactions, as we call them — we always ex- 
press the reaction as taking place between the individ- 
ual molecules of the substances concerned. 

But, although the molecules are the limit of the 
physical subdivision of a substance, the chemist carries 
the subdivision still further ; but, then, the parts ob- 
tained have no longer the qualities of the original sub- 
stance, and one or more new substances result. Of 
course, the chemist cannot, any more than the physi- 
cist, experiment on individual molecules. He must 
experiment on a mass of the substance, and the division 
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Itf the molecule muBt be an inference from the pbc- 
nomena which ensue. Let me call jour attention to a 
ikm experiments which will illustrate this point : 

I crush this lump of sugar in a mortar, and reduce 
it to what appears to be an impalpable powder, but a 
microscope will show that the powder consists of grains 
"^ich are simply smaller lumps, and, in fact, masses of 
^reat size, compared with many organisms which are 
tte objects of microscopic investigation. Each one of 
tii68e grains is sugar, and has all the essential qualities 
rf sugar just as much as the lump. We next pour the 
powdered sugar into water, in which, as we say, it dis- 
fiolves ; but the solution simply consists in dividing the 
grains still more, reducing them to molecules, which 
become spread throughout the mass of the liquid. How 
are we to go any farther than this ? Very easily. I take 
a few more lumps of sugar, and throw them into this 
heated platinum crucible, when, in an instant, a re- 
markable change takes place. We have the appearance 
of flame, and out of the sugar is evolved a mass of loose 
charcoal. Evidently, this charcoal must have come 
from the sugar. The crucible is unchanged, and, be- 
sides the air, the sugar and platinum were the only 
substances present. Let me, however, enforce this con- 
clusion by still another experiment, which is even more 
striking : 

Instead of acting on the sugar simply with heat, we 
will now act upon it with a strong chemical agent called 
sulphuric acid. For this purpose I have previously pre- 
pared about half a pint of very thick syrup, and with this 
I will now mix three or four times its volume of common 
oil of vitriol, constantly stirring the mass as my assist- 
ant pours in the acid. The syrup at once blackens ; 
soon it begins to swell, and now notice tliis enormous 
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body of loosely-coherent charcoal which rises firom 
vessel. Here, again, the charcoal must have been 
evolved out of the sugar, for the sugar was the only 
substance common to the two experiments; and, ad- 
mitting this fact, see to what it leads. 

The qualities of sugar inhere in its smallest partidefl^ 
and must belong to the molecules just as truly as tQ 
these lumps. In our experiment the charcoal has been 
evolved out of a considerable mass of sugar ; but the 
result would have been the same could we experiment 
on the individual molecules. It is evident, therefore, 
that the charcoal has been formed out of the sngar- 
molecules, and that each molecule has contributed its 
portion to this result. Now^ this charcoal^ alihough w 
hdki/j weighs far less than the sugar. It could, then, 
have formed only a part of the mass of the sugar, and 
only a part of the mass of each molecule. But what 
has become of the rest of the material ? For the pres- 
ent, it must be sufficient to state that careful experi- 
menting has shown that, in this process, another Bub- 
fitance is evolved from the sugar besides charcoal, and 
that this substance is water. Moreover, since the weight 
of the water, added to that of the charcoal, entirely ac- 
counts for the material of the sugar, we conclude that 
in our experiment the sugar has been resolved solely 
into charcoal and water. Each molecule, therefore, has 
been resolved into charcoal and water. In a word, the 
molecule has been divided. We cannot divide it by 
any physical means ; but we can divide it by chemical 
means, only we do not obtain thereby two smaller par- 
ticles of sugar, but a particle of charcoal and a particle 
of water. Such, then, is the evidence we have that 
u molecule of sugar can be divided ; but the reason- 
ing here used is so important to the validity of our 
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ifnodem chemical philosophy that I must not pass it by 
*:4rith a single example : 

- One of the substances evolved from the sugar 'was 
■%ater. Let us next see whether the molecules of this 
l~*i!i08t familiar substance can be divided. We have al- 
ready seen to what a wonderful degree of tenuity we 
fto carry the mechanical subdivision of this material. 
^Bie film of a soap-bubble, just before it bursts, is less 
^^ xoolooo ^^ ^^ ^^^^ ^ thickness. A square inch 
f>f this film would weigh only one y.^jVir ^^ ^ grain. 
•Kow, the unaided eye can easily distinguish the y^ of 
minch in length, or ^ ^3)0 ^^ * square inch of area or 
* quantity of water in that film, weighing only nr.TnAr.UTnr 
of a grain. But a still greater subdivision than this is 
possible, for, as we now know, when water is converted 
into vapor, the liquid mass breaks up into small parti- 
cles of wonderfal tenuity, which we call molecules, and 
by expanding the vapor we can separate these molecules 
to an indefinite extent. We cannot, it is true, follow 
this subdivision with the eye, but we can discern it 
with the intellect ; and, furthermore, by determining 
the specific gravity of aqueous vapor with reference to 
hydrogen gas, we can very easily find the weight of 
the aqueous molecules, and we thus know that a mole- 
cule of water weighs eighteen microcriths. By physical 
processes we cannot carry the subdivision any further. 
The smallest mass of water of which we have any knowl- 
edge weighs eighteen microcriths ; but we can divide 
the molecule chemically, as the following experiment 
will prove : 

In order to show you the decomposition of water 
by an electrical current, I have projected on the screen 
the magnified image of a glass cell containing a small 
quantity of this familiar liquid, acidulated, however 
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(with salpharic acid), in order to make it a conductor 
of electricity. Connected with the cell is what musk 
be known to all of my audience as a voltaic battery. 
The conducting wires from the end plates of this com* 
bination terminate in the two strips of platinum, wtiidi 
you see projected on the screen. As soon as the con- 
nections are made, or, to use the technical phrase, as 
soon as the circuit is closed, an electric current flows 
through the water in the cell, passing from one 
of these poles to the other. The effect of this current 
is visible. Bubbles of gas collect upon the platinum 
strips, and, as soon as they attain sufficient size, rise to 
the surface of the water, and this evolution of gas will 
go on so long as the electric current continues to flow. 
The gases evolved at the two poles are wholly different 
substances, and, in order to exhibit to you their charac- 
teristic qualities, I have prepared a second experiment: 

Standing on the table is a decomposing cell similar 
to the last, but very much larger, and so constructed 
that the two gases are collected as they rise from the 
poles, and conducted apart into these two glass bells. 
A very powerful electric current has been passing 
through the water in the cell since the beginning of 
the lecture, and already the bells are filled with the 
two aeriform products. Both are invisible, but notice 
that the gas we have collected in the right-hand bell 
takes fire and burns with a pale and barely luminous 
flame. Here we have a very large bell full of the same 
gas, and on lighting this I think the flame will be visi- 
ble to all. Every one must have recognized this ma- 
terial. 

It is a well-known substance, which we call hydro- 
gen. It is one of the very few substances which we 
only know in the aeriform condition. It is, moreover, 
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*^e lightest fonn of matter known. A cubic yard ot 

f^&t the temperature of this room (77° Fahr.) weighs, 

^ round numbers, two pounds, while a cubic yard of 

^ hydrogen weighs only two and a half ounces. These 

^bber balloons, which are such familiar toys, illustrate 

^eiy forcibly the wonderful h'ghtness of this singular 

ftnn of matter. 

Let us turn now to the gas in the left-hand bell, and 
Ve shall find that it differs most strikingly from the 
other, and in no respect is the difference more marked 
than in the weight. This gas is sixteen times heavier 
than hydrogen, that is, the difference between the den- 
sity of the two is almost as great as that between iron 
and cork, and yet these invisible forms of matter are so in- 
tangible that it is difficult even for the chemist to appreci- 
ate this difference. Bringing now a lighted candle near 
the open mouth of the bell, you see that the gas will not 
bum ; but notice that, as I lower the candle into the 
bell, the wax bums in the gas far more brilliantly than 
in air. Observe, also, that this smouldering slow-match 
bursts into flame when immersed in the same medium. 
Evidently it supports combustion with great vigor, 
and, in order to illustrate this point still more strik- 
ingly, I will introduce into another bell of the same gas 
a spiral of watch-spring tipped, like a match, with a lit- 
tle sulphur, first setting fire to the sulphur. . . . See ! 
the iron bums as readily as tinder, and far more brill- 
iantly. We are dealing, in fact, with oxygen, the same 
gas which is found all around us in the earth's atmos- 
phere — only, in our atmosphere the oxygen is mixed 
with four times its volume of an inert gas called nitro- 
gen, while as evolved from the water in our experiment 
it is perfectly pure. 

It is evident, then, that in this experiment two 
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new substances are evolved, and the question anaea, 
AVTience do they come? If we examine careraliy 
the conditions of the experiment we should W 
that, of all the substances present, the only one wbiA 
underwent any permanent change was the water. ™ 
weight of the platinum poles, for example, remaiuB^' 
changed, but the weight of the water is diminislieditt 
exact proportion to the amount of gas evolved. Tliese 
aeriform substances ai'e then educed from the material 
of the water. Moreover, it has also been proved tbat 
the water is completely resolved into these gases. 1^^ 
electric current is merely a form of energy, and,oi 
course, can neither add nor remove ponderable mate- 
rial, and the weight of oxygen and hydrogen formed is 
exactly equal to the weight of water lost. As we say iu 
chemistry, the electric current analyzes the water, and 
these gases are its sole constituents. 

Let me now call your attention to another fact con- 
nected with the process we are studying ; and, in order 
that you may observe the fact for yourselves, I will re- 
peat the experiment with still a third apparatus, so 
constructed that we can measure the volumes of the 
two gases which are formed. I have placed the appa- 
ratus in front of my lantern so that I can project on 
the screen a magnified image of the graduated tubes in 
which the gases are collected. 

You notice that the volume of one is twice as large 
as that of the other, and this ratio is found to hold ex- 
actly when we make the experiment with the very 
greatest accuracy. The larger volume is hydrogen, the 
lesser oxygen. But oxygen, as I have said, is sixteen 
times as heavy as hydrogen. Hence, there is eight 
times as much material in the half-volume of oxygen as 
111 the whole volume of hydrogen, or, in other words, 
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ater is decomposed by electrolyeie, there is 

Jies 3B mnch oxygen produced as Iiydrogea. 

regard, then, tliie experiment as establishing, 

J all controveray, the feet that water is composed 

/geu and hydrogen gases in the proportions of 
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eight to one, or, in other words, that in every nine 
parts of water there are eight parts of oxygen and one 
part of hydrogen. But, if this is tnie, it must be true 
of the smallest mass of water as well as of the largest. 
It must be true, then, of the molecule of water. Now, 
one molecule of water weighs 18 microcriths. Hence, 
of those 18 microcriths, one-ninth, or two microcriths, 
must consist of hydrogen, and eight-ninths, or 16 micro- 
criths, most consist of oxygen. Please notice that tins 
is a resnlt to which our experiment directly leads, and 
is as mnch a fixed tmth as any results of observation. 
Unless onr whole science is in error, and Avogadro's 
law a delusion, then it is an established fact that the 
molecule of water weighs 18 microcriths, and equally 
certain that this molecule couBists of 16 microcriths of 
oxygen, and of 2 microcriths of hydrogen. More- 
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over, it is also evident that, when we analyze water, as 
in this experiment, the molecules are divided, and tkt, 
from the material thus obtained are formed the mole- 
cules of the two aeriform substances which are the 
proilucts of the process. As yet I advance no theory 
as regards the nature of this process, or of the condi- 
tion in which the two substances exist in the molecule 
of water. I am only dealing with the bare fact that 
they are evolved out of the molecule, and that the 
molecule is thus divided. There are a great many 
other chemical processes by which water may be anar 
lyzixl, and the result is in all cases precisely the same, 
namely, that from every nine parts of water there are ob- 
tained eight pai*ts of oxygen and one of hydrogen. Of 
course this concurrence of testimony is very valuable, 
but we need not go beyond this simple experiment to 
establish the truth we have enunciated, and our experi- 
nioiit has this great advantage for the present purpose: 
There is nothing to complicate the process, and you 
can bo almost said to see that the oxygen and hydro- 
»i^Mi c'i>nie from the water and from that alone. 

Suoh illustrations might be very greatly multiplied, 
but the two wc have selected are sufficient to show 
how the choniist is able to divide the molecule, and 
that this division is always attended with the destruc- 
tiou of the original substance, and the evolution from 
it of wholly ditVorent substances. We are now, then, 
propaivd to classity .the various changes which we ob- 
KtM*\ o in Nature, and define them according to the terms 
ot* tlh' uiolorular theory. 

TIuMv nrc many chan£:es in which the identity of 
tlu> substani'o roniaius unimpaired, although the exter- 
ual t'onn u\av bo *x>vatly altered, and in some cases even 
>*ow qualities aoijuirod. Thus, a bar of irgn may be 
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vn out into wire finer than the finest hair^ may be 
id out into leaves of exceeding tenuity, may be- 
e magnetized, and thus acquire a remarkable pow- 
f attracting other masses of iron ; but all this time 
material remains xmchanged, and woald be recog- 
d by every one as iron. Such changes as these are 
3d physical changes. They are necessarily attend- 
vith very great changes in the relative position of 
molecules, or even in their condition ; but the 
ecules remain undivided, and retain throughout 
r integrity. But there is another class of changes, 
>se very essence consists in the conversion of the 
stances involved into new substances. Coal and 
•d bum, and are thereby converted into those aeri- 
a substances which we designate collectively under 
name of smoke. Iron rusts, and changes into a 
owish-red powder. Out of white, sweet, soluble 
ir comes this porous mass of black charcoal, and 
of water come oxygen and hydrogen gases. Such 
iges as these are called chemical changes. They are 
>ed by a change in the old molecules. New ones 
formed, and hence new substances are formed, 
[n some cases the old molecules are divided into 
;s of a different nature. Thus, the molecules of 
ir are divided into masses of charcoal and water, and 
molecules of water again are divided into particles 
ixygen and hydrogen. In such cases, we say that 
substance is decomposed into its constituent parts. 
)ther cases, the old molecules attach to themselves 
e material, and new molecules, of greater weight, 
It, and we then say that the substance has com- 
jd with another, as the coal with oxygen in the pro- 
of burning, and the iron with oxygen in the pro- 
of rusting The first class of changes we call 
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analysis, the second, synthesis. The evidence of analy- 
sis is that each product of the change weighs less than 
the substance from which it was evolved. The evi: 
dence of synthesis is that the total product weighs 
more than the original substance. 

The oxygen and hydrogen gases, each apart, weigh 
less than the water from which they were formed, and I 
the fact that the sum of their weights is exactly eqnal 
to that of the water, proves that they are the only 
products of the change, and that water is composed of 
these substances, and of these alone. The gas we call 
carbonic dioxide, which is the only product of the 
burning of pure coal, weighs more than the coal, and, 
since this excess of weight is exactly equal to that of i 
the oxygen consumed in the burning, we conclude that, i 
in this process, the coal has combined with oxygen, ' 
and that the carbonic dioxide is a compound of thofie 
two substances. 

Thus arise our scientific conceptions of combina- 
tion and decomposition, of synthesis and analysis. 
When we say that sugar is composed of charcoal and 
water, we mean merely that these two substances may 
be evolved from sugar ; and the evidence that they are 
the only constituents of sugar is that the sum of the 
weights of the two products equals the weight of the 
sugar. When we say that water is composed of oxy- 
gen and hydrogen, we merely mean that these two 
substances may be educed from water, and that, as be- 
fore, the weight of the two products exactly equals the 
weight of the water. When we say that carbonic di- 
oxide is composed of charcoal and oxygen, our asser- 
tion is based on the fact that, in the process of burning, 
the oxygen gas appears to absorb charcoal, and that 
the resulting gas weighs more than the oxygen by*the 
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xact weight of the charcoal consumed. In the first 
wo cases, the proof of the composition is analytical, 
H the third synthetical. In many cases we have both 
lodes of proof. Thus, we can decompose water into 
xygen and hydrogen gases, and show that the weight 
fthe products is exactly the same as that of the water 
Uch has disappeared. We can also combine hydro- 
en with oxygen, and show that the weight of water 
irmed is exactly equal to that of the two gases con- 
uned. 

Notice the important part which the weight of the 
ibstances concerned in our processes plays in this 
Jasoning. That water consists of oxygen and hydrogen, 
id of nothing else, is a conclusion based on the fact 
lat the weight of the substance has been found equal 
) that of its assumed constituents. Of course the 
»8oning implies the truth of the principle that in- 
•ease of weight always indicates increase of material, 
id diminution of weight diminution of material, or, 
I other words, that the weight of a body is propor- 
onal to the amount of material it contains. But this 
!inciple, so obvious now, is by no means, as might at 
"St appear, self-evident, and it is only comparatively 
cently that it has become an accepted principle of 
ience. It was never fally enunciated before New- 
n, and, although his master-mind was able to estab- 
h the foundations of astronomy on this basis two 
nttiries ago, it is only comparatively recently that 
e principle has been ftdly accepted in chemistry. 
)r years after Newton, the chemists believed univer- 
lly in a kind of matter called phlogiston, which not 
ily could be removed from a substance without dimin- 
ling its weight, but whose subtraction actually added 
the weight. It is the great merit of Lavoisier that 
5 
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he clearly conceived of this principle, and insiBted 
its application in chemistry. He was the first to 
clearly that, in every chemical process, iacreaeecl 
weight means increase of material, and loss of vd| 
loss of material. Iron, in msting, gains in w( 
Ilcnce, said Lavoisier, it has combined with 
material. Ko, said the defenders of the phlogiston 
ory, such men as Cavendish, Priestley, and S( 
it has only lost phlogiston. You are making too 
of this matter of weight. Phlogiston differs from 
gross forms of matter in that it is specifically 
and, when taken from a body, increases its wei( 
We smile at this idea, and we find it difficulty to 
that these men, the first scientific minds of their agi^J 
could believe in such absurdity. But we must remeor 
ber that the idea did not originate with them. It wai. 
a part of the old Greek philosophy, and from the pagflf 
of Aristotle was taught in every school of Europe unlfl 
within two hundred years ; and, even in our own time, 
we still hear of imponderable agents. Text-bookfl d 
science are used in some of our schools which refer the 
phenomena of heat and electricity to attenuated fonn» 
of matter, that can be added to or subtracted from 
bodies without altering their weight. Snch facts should 
teach us, not that we are so mnch wiser than our 
fathers, but that our familiar ideas of the composition 
of matter are not such simple deductions from the 
plienomena of Nature as they appear to us; and this 
discussion of the evidence, on which these conclusions 
are based, is therefore by no means superfluous. 

As the result of this discussion let us bear in mind 
that, when we say that water is composed of oxygen 
and hydrogen, we mean no more than this, that, by 
various chemical processes, these two substances can 



NOT A. HERE UIXTCRB OF INGREDtEKTg. 

produced from water, and that the weight of tlio 
> products alwayB equals the weight of the water 
({tloyed in tlie process ; or, on the otlier hand, that 
tter may be prodnced by the conihination of oxygen 
aiiydrogen, and that the weight of the water thus 
I ia equal to the sum of the weights of the two 
r We cannot say that water consist* of hydrogen 
b'gen, in the earae sense that bread consists of 
If syrup of sugar, and mortar of lime. We must 
y careful not to transfer oar ideas of coniposi- 
-6, drawn chiefly from the mixtures we use in coni- 
pon life, directly to chemistry. In these mixtures the 
hodoct partakes, to a greater or less degree, of tlie 
liwaeter of its constituents, which can be recognized 
ttentially unchanged in tho new material, but, in all 
betances of true chemical union and decomposition, 
Be qualities of the snbBtances concerned in the process 
iltirely disappear, and wholly diflerent substances, 
rith new qualities, appear in their place. Prior to ex- 
lerience, no one conid suspect that two aeriform sub- 
lances like oxygen and hydrogen could be obtained 
fom water, and the discovery of the fact, near the he- 
inning of this century, marks an era in the history of 
cience. And, even now, familiar as it is, this truth 
tands out as one of the most remarkable facta of Na- 
ire. Moreover, the wonder becomes still greater 
'hen we learn that water yields 1,800 times its vol- 
me of the two gases, and that these gases retain 
leir aeriform condition so persistently that no power 
as been able to reduce them to the liquid condition ; 
nd still more the wonder grows, when we learn fur- 
ier that the amount of energy required to decompose 
pound of water into its constituent gases would he 
dequate fn raise a weight of 5,314,200 pounds one 
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foot high ; and that, when these gases unite and i 
water is reproduced, this energy again becomes ae& 
Two experiments will enforce the truth of this sti 
mcnt: 

For the first, I have mixed together in this nilil 
bag oxygen and hydrogen in the exact proportions 
which they unite to form water, and, with the ga 
will now blow up into froth the soap-suds containec 
this iron mortar — ^thus confining the gas only by 
thinnest possible envelope. I will now ask my as 
ant to inflame the mixture with his lighted taper, ^ 
a deafening explosion announces to us that the dv 
cal union has taken place. But what has been 
occasion of the development of such tremendous e 
gy ? The formation of a single drop of water, so s 
that you could hold it on the point of a needle. 

For the second experiment I will bum the e 
gas-mixture at a jet, and show you how great is th 
tensity of the heat which may be thus developed, 
apparatus is the well-known compound blow-pip 
vented by our countryman Dr. Hare. The ox 
and hydrogen flow through rubber hose from sep 
gas-holders into a very small chamber, where they 
before issuing from the jet. The same chemical i 
takes place here as before ; the same product (wat 
formed ; the same amount of energy is developed ; 
under these difierent conditions, the explosive 
bums with a quiet flame as it is gradually sup 
from the jet, and the energy, instead of being expe 
in driving back the air, and thus determining tha 
lent commotion in the atmosphere which cause( 
noise, is here manifested wholly as heat. And see 
intense the heat is ! ... It is a steel file which is 1 
ing with such rapidity in this flame. As I have ah 
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heat is only a mode of energy, and, like any 
nifestation of power, may be measured in foot- 
Hence, this brilliant experiment is an apt 
)n of the amount of energy developed in the 
»n of water. In witnessing the magnitude of 
s, we are surprised, as before, by the apparent 
cy of the cause; for the amount of water, 
roduction was the occasion of all this display 
, is only a few drops, 

3ould believe that such power was concealed 
niliar liquid which is so intimately connected 
daily life ? Between the qualities of water and 
:ies of these gases there is not the most distant 
Qce. When the water is decomposed, the 
of the water are wholly lost in the qualities 

gases produced from it, and a certain amount 
r is absorbed. When the water is formed, the 
of oxygen and hydrogen are wholly merged 
of the resulting liquid, while the same amount 
^ is set free. Whether the oxygen and hydro- 
fc, as such, in the water, or whether they are 
. by some unknown and unconceived transfor- 
f its substance, is a question about which we 
culate, but in regard to which we have no 
ye. All we know is, that the change of water 

two gases or of the two gases into water is 
with no change of weight, and hence we con- 
X in the change the material is preserved, or, 
words, that water and the gases are the same 
in different forms, 
the only theory which has as yet succeeded in 

1 intelligible explanation of the facts, assumes 
TOgen and oxygen do exist as such in water, 
ig each its individuality ; that each molecule 
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of water consists of three particles, two of hydroj 
and one of oxygen ; that, when the water is d 
posed, the molecules are broken up, and that then 
oxygen particles associate themselves together to 
molecules of oxygen gas, and the hydrogen partideB 
form molecules of hydrogen gas ; that, on the o 
hand, when the gases recombine, the reverse 
place, each particle of oxygen imiting to itself two 
tides of hydrogen to form a molecule of water. 

These parts of molecules (these particles, into 
which the molecules break up under various chemial 
processes) are what we call atoms, and this theory il 
the famous atomic theory, which has played sncii i 
prominent part in modem chemistry. We shall find, 
as wo proceed, that there is very strong evidence in ite 
support. Indeed, without it a large part of the mod- 
ern science would be wholly unintelligible ; and, w«fe 
I to confine my regards to purely chemical &ct8,I 
should regard the evidence in its favor as overwhelinr 
ing. Still, I must confess that I am rather drawn to 
that view of Nature which has favor with many of the 
most eminent physicists of the present time, and which 
sees in the cosmos, besides mind, only two essentially 
distinct beings, namely, matter and energy, which re- 
gards all matter as one and all energy as one, and 
which refers the qualities of substances to the affections 
of the one substratum, modified by the varying play 
of forces. According to this view, the molecules of 
water are perfectly homogeneous, and the change, 
which takes place when water is decomposed, does not 
consist in the separation from its molecules of pre- 
existing particles, but in imparting to the same mate- 
rial other affections. 

I know that this language is very vague, but it is 
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> more vague than the idea it attempts to embody. 
SHj vague as it is, no one who has followed modem 
hysical discussions can doubt that the tendency of 
hysical thought is to refer the differences of substances 
D a dynamical cause. Nevertheless, as I said before, 
he atomic theory is the only one which, as yet, has 
gken an intelligible explanation of the facts of modem 
i^iemistry, and I shall next proceed to develop its fun- 
lamental principles. I wish, however, before I begin, 
be declare my belief that the atomic theory, beautiful 
ttnd consistent as it appears, is only a temporary expedi- 
ent for representing the facts of chemistry to the mind, 
^though in the present state of the science it gives 
abeolntely essential aid both to investigation and study, 
I have the conviction that it is a temporary scaffolding 
around the imperfect building, which will be removed 
as Boon as its usefulness is passed. I have been called a 
Wind partisan of the atomic theory, but, after this dis- 
claimer, you win understand me when, during the re- 
mainder of this course of lectures, I shall endeavor to 
present its principles as forcibly as I can. 



lECTURE V. 

ELESCENTAST STBSTAKCES AND OOMBSSISO FBOFOSTIQHS* 

In my last lecture I stated that in a cbemical oom-j 
pound the qualities of the constituents are wholly merged [] 
in those of the product, and that this circumstance difl^.l] 
tinguishes a true compound from a mechanical mixtmcv 
ill which the qualities of each ingredient are to a greater 
or less extent preserved. This distinction is one of 
very great importance in chemistry, and I will heff^ 
my lecture this evening by asking your attention to a 
Binii)le experiment, which will recall the principal 
points of our discussion at the last lecture and at the 
Bamo time illustrate still other aspects of this impor- 
tant subject. 

I have prepared a mixture of finely-divided iron 
(iron reduced by hydrogen) and flowers of sulphur. 
The two powders have been rubbed together in a mor- 
tar until the mass appears perfectly homogeneous and 
it iH inii)()Hsiblo with the unaided eye to distinguish the 
KHiins of cither substance, and yet nothing is easier 
than to show that both are here wholly unchanged. 

lAir this i>urpo8e I will, in the first place, pour upon 
*^ |>ortii)n of the powder some of this colorless liquid 
^'^'UmI Bulpliide of carbon, which dissolves sulphur with 
tivmi eagerness. After shaking the two together we 
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L left on the bottom of our glass beaker a quantity 
a black powder, which, as the magnet shows at 
*e, is iron. In the second place I wiU stir op 
>ther portion of the mixture with alcohol, using this 
aid to hold the powder in suspension so that I can 
ik out the grains of iron with a magneL Using this 
T-magnet as a stirring-rod, I can thus readily wash 
it the sulphur from the iron which adheres to the 
agnet, and we recognize at once the yellow color as 
le particles of sulphur settle to the bottom of the jar. 
Having shown you now that both iron and sulphur 
re here present, with their qualities wholly unaltered, 
win next take a third portion of the powder, and, 
aying made with it a small conical heap, apply a 
i^ted match to the apex of the cone. A glow at 
4ice spreads through the whole mass, which is an evi- 
lence to me that a chemical change has taken place, 
^ in that change the sulphur and iron have disap- 
peared. The mass has somewhat caked together, but 
ive can easily pulverize it again, and our product is 
ihen a black powder not differing very greatly in ex- 
"^nial appearance from the original material. But from 
^Us black powder the sulphide of carbon can dissolve 
^0 sulphur, and the magnet can remove no iron. 

The qualities both of the iron and the sulphur have 
'^appeared, and those of a new substance we call sul- 
phide of iron have taken their place, and the only evi- 
ence we have that the material of the sulphur and the 
Uiterial of the iron are still here is the weight of the 
ilphide of iron, which is exactly equal to that of the 
ilphur and iron combined. So long as the sulphide 
^ iron remains sulphide of iron, no scrutiny can dc- 
'Ct in it either sulphur or iron, and we must have re- 
>urse to other chemical processes in order to re^ro- 
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ducc these substances. In old times, before men had 
clearly conceived that weight is the measure of mate* 
rial, and that, as thus measured, no material is e?ar 
lost, it was supposed that in such experiments as thif 
the substances involved underwent a mysterious tranf-. 
formation ; the essence of matter, whatever it mig^t 
be, changing its dress, and appearing in a new gaib; 
and men reasoned, ^^ If such transformations as &e» 
are possible, why not any others i " and hence centuria 
were wasted in vain attempts to transform the baser 
metals into gold. Our present convictions that audi 
transmutation is impossible are based on the knoi^ 
edge we have obtained by following to its legitimate 
consequences the great principle established by Kew- 
ton : when the weight remains, we are persuaded that 
the material remains. The weight of the sulphide 
of iron is exactly equal to that of the sulphur and iron 
combined. Hence we conclude that every atom of the 
iron and every atom of the sulphur still remain in our 
product, the only difference being that, whereas, previ- 
ously, the atoms of the sulphur were associated to- 
gether to form molecules of sulphur, and those of th^ 
iron to form molecules of iron, they are now associated 
wutb each other to form molecules of sulphide of iroD. 
According to our atomic theory, then, in one sense 
at least, chemical combination is only a mixture of * 
finer degree. If we place on the stage of a powerful 
microscope a portion of the powder with which we 
have just been experimenting, we can distinguish the 
grains of sulphur and those of iron, side by side ; and 
so, according to our theory, if we could make micro- 
scopes powerful enough, we should see in the sulphide 
of iron the atoms of its two constituents. But, al- 
though, in this one respect, our modern chemistry 
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regards combination as merely a more intimate mix- 
ture, yet it recognizes a very great difference between 
ttese two classes of products indicated by a most ro- 
Mrkable characteristie, to which I have next to direct 
joar attention. 

CLemical combination always takes place in certain 
definite proportions, either by weight or measure. 
Thus we may mix together sulphur and iron in any 
proportion we choose, but when, on beating, combina- 
tion takes place, 56 grains of iron combine with just 32 
grainB of sulphur ; and, if there is an excess of one or 
tlie otlier substance, that excess remains nncombined. 
Ifthere is an excess of sulphur, there remains so much 
free Bulphur, which we can dissolve out with sulphide 
of carbon ; and, if there is an excess of iron, there re- 
mains Bo much metallic iron, which we can separate 
witli a magnet. So is it, also, in the combination of 
Mygen with hydrogen to form water. Eight grains of 
fltygen combine with exactly one grain of hydrogen, 
and any excess of either gas remains unchanged, and 
io all cases of chemical combination and decomposition 
finiilar definite proportions are preserved between the 
height of the several constituents, which unite to form 
tnecompoxind, or result from its decomposition. 

It is an obvious explanation of this law of definite 
proportions that the small particles or atoms between 
'hich the nnion is assumed to take place, have a defi- 
nite weight ; in other words, are definite masses of 
^tter. Now, the atomic theory supposes, in the com- 
™ation of sulphur and iron, for example, that the two 
"Materials break up into atoms ; that an atom of iron 
"files with an atom of sulphur to form a molecule of 
'"Iphide of iron, and that the union takes place in the 
Pfoportion by weight of 56 to 32, simply becauae tVw 
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numbers represent the relative weight of the two soriB 
of atoms (Uie atoms of the same substance being all 
alike^ and all having the same size and weight). In 
the ease of water, for reasons which will hereafter ap- 
pear, it supposes that two atoms of hydrogen combine 
with one atom of oxygen to form a molecule of water, 
and, since each atom of oxygen weighs sixteen times as 
much as an atom of hydrogen, the two substances must 
combine in the proportion of 2 : 16, or 1 : 8, as stated 
above. 

The principle we have been discussing is known in 
chemistry as the law of definite proportion. It was 
first clearly stated by Wenzel and Kichter, in 1777, 
and the atomic theory, although itself as old as phi- 
losophy, was first applied to the explanation of the law 
by the English chemist Dalton, in 1807. Subsequent 
discoveries have greatly tended to confirm this theory, 
but, before we can appreciate their bearing on our sub- 
ject, we must endeavor to grasp another of the ele- 
mentary conceptions of our science. As in previous 
cases, I shall not content myself with stating the truth, 
but endeavor to show how it is deduced from observa- 
tion. 

The study of chemistry has revealed a remarkable 
class of substances, from no one of which a second sub- 
stance has ever been produced, by any chemical pro- 
cess, which weighs less than the original substance. 
Let me illustrate what I mean by a few experiments : 

The white powder which is counterpoised on the 
pan of this balance is called sulphoeyanide of mercury, 
and has been used in the preparation of a toy called 
Pharaoh's serpent. You have all probably seen the ex- 
periment, but perhaps have not observed the feature to 
"Vvhich I wish to call your attention. As in the previ- 
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from tLe VLri^ wvutr. T:*^ .^.- .-:_-- ti. .^u.. 
pieeeiit it tLr EnuJK'iKr'ii an T-_r- a::_ .'.^ : 
an importjizit "ult: ii "Uit -.iLaiiJiPi r'r^i „ .* -li — 
ed this sT^grr'tk.^ louii'Ji J^i.i-'-r^ :. t r ig :^i- .- ». 

^Wt, VoluiLiLOrif lit JT it- T:*;jiSir rrStr I: 

Bubstan'*. Tiit it tiit ''furrj^. .r :«, 
chichi wisL eKT»e-'ii.'.'7" 'i tirrv-r ". --Lr zt,<^.. 
^infereciCie t: :•*: iji-vT- iri»a- r i ./.--. -.*. 
phocTaLidc Off iiir:'r'.i:J7 i;«>r >*?! ut^■.':-:.^*«^- r.. 
DiaterjJ of til* vr.'VT. xuuer xne i..n:i-r*- . .:-" 
Diiteri&l of iLit fi--j^aaj^*L 

Allow iiH: litr: i; r»*AL -»i - nr r- .•:.•.; t,;- -^ 



*nd tie cH'.^iihJ-.iiit T-vn «U'."i '-ar :..- -.--'. 

^*^e c^^in^ fr.-r- 111*: eii»rc".r nui ^."r. .. *• • 
V - - ' " 

oi^e of tie r..i.«:irie'.--fc '.if i=u^'-'.' - ■..-*.-/>.■ 
^^^n stated. vLiryjL -rt* n^r 'i*v -.r • .^ /- - ,• 

6'* such oondiiviLS tb^ r:i«?t tyuvr--!.^ v' -•-•-. r <:>^ - 
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have come from the material of sugar, and &oiii 
alone. Hence, we feel justified in conda&ig "^ 
part of the material of sugar is water; aiidfiBd%«u. -• 
further, that the weight of the charcoal and^^ 
gether is equal to that of the sugar, we also couw 
that the material of sugar consists of charcoal aud^ 
ter, and of these substances only. 

So, also, in the experiment of decomposing mt^ of 
an electrical current, it is evident that the hydrogoi^ 
produced comes from the water, and, as the hydrog® 
obtained weighs far less than the water consumed) ve 
conclude that a part of the material of water is liydio* 
gen. For the same reasons we conclude that a p«rt 
of the material of water is oxygen ; and, lastly, since 
the weight of the oxygen and hydrogen together just 
equals the weight of the water, we conclude that the 
material of water consists whMy of hydrogen and oxy- 
gen. Let me ask your attention now to still another 
experiment : 

I have counterpoised on the pan of a second bal- 
ance a few grammes of that same finely-pulverized iron 
which we have already used in this lecture. . In this 
condition metallic iron bums in the air with the great- 
est readiness. We need only touch the powder with 
a lighted match when a glow spreads through the mass 
as through tinder. Notice that the conditions of the 
experiment are such that no substances can concur in 
the change except iron and air. As the result of the 
change a new substance is produced, just as in the 
other cases, and this substance we call oxide of iron. 
Is, then, this new substance a part of the material of 
iron, in the same sense that oxygen is a part of the 
material of water ? The only circumstance which 
points to a different conclusion is what the balance 
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^^pidicates. The iron has increased in weight, proving 

^^Vnt material bas been added to it, and not taken from 

^^P| aad, as jou all know, the iron, in burning, has 

^^^tMbined with the oxygen of the air. Oxygen, then, 

r is tie material which has been added. 

I Tiiis experiment illustrates a most remarkable truth 

iQ regard to the substance we call iron. By various 

ebeinical processes we can produce from the metal hun- 

Qreds of different substances, but, in all cases, the con- 

'''tions of the experiment, and the relative weight of 

"'e products, prove that material has been added to 

"le iron, and not taken from it. By no chemical pro- 

''ssa whatever can we obtain from iron a substance 

Weighing less than the metal used in its production. 

-'f a word, we can extract trom iron nothing but iron. 

Now, there are sixty-three (possibly sixty-five) dit- i 
'•^rent substances of which this same thing can be said.1 
'' fom no one ot these substances have we been able to^ 
Extract any material save only the substance itself. We 
*re able to convert them into thousands on thousands 
^^ other substances; but, in all cases, the relative 
height of the products proves that material has been 
^ded to, not taken from, the original mass. To use 
^e ordinary language of science, we have not been 
*l>le to decompose these substances, and they arc dia- 
^iDgiiished in chemistry as elementary substances. 

These substances arc frequently called chemical ele- 
■Oenta, but our modem chemistry does not attach to 
tliis term the idea that these substances are primordial 
principles, or self-existing essences, out of which the 
'diverse has been fashioned. Such ideas were asso- 
ciated with the word dement in the old Greek philos- 
■^phj, and have been frequently defended in modem 
^^••neB ; and, so far as the words elemcttt a,nd elemcun-* 
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1 



LiH of EUmeniafy Sttbskmces. 



Alominom, Al, 27.5 

Antimony, Sb, 120.8 

Arsenic, As, 75 

Barium, Ba, 137 

Bismath, Bi, 208 

Boron, B, 11 

Bromine, Br, 80 

Cadmium, Cd, 112 

Ctcsium, Cs, 133 

Colciam, Ca, 40 

Carbon, C, 12 

Cerium, Oe, 92 

Chlorine, CI, 85.5 

Chromium, Cr, 52.2 

Cobalt, Co, 68 

Columbinm, Cb, 94 

Copper, Cu, 63.4 

Didymium, D, 95 

Erbium, E, 112.0 

Fluorine, F, 19 

Glucinum, Gl, 4.7 

Gold, Au, 197 

Hydrogen, II, 1 

Indium, In, 75.0 

Iodine, I, 127 

Iridium, Ir, 198 

Iron, Fe, 50 

Lauthannm, La, 93.0 

Lead, Pb, 207 

Lithium, Li, 7 

Magnesium, Mg, 24 

Manganese, Mn, 55 



M^xsnry, 


Hg. 


....800 


Molybdennni, Mo, 


.... w 


Kicked 


Ni, 


.... 68 


Nitrogeii, 


N, 


.... u 


Osmiom, 


08, 


.... 199i 


Oxygen, 


o. 


.... 16 


Paliadioni, 


Pd, 


.... 106.8 


Pho^Loma, 


P. 


.... 81 


Platinum, 


Pt, 


.... 197.4 


Potassium, 


K, 


.... 39.1 


Rhodium, 


Rh, 


.... VAi 


Rubidium^ 


Rb, 


.... 85.4 


Ruthenium, 


Rn, 


.... 104.4 


Selenium, 


Se, 


.... 79.4 


Silicon, 


Si, 


.... 28 


Silver, 


Aft 


.... 108 


Sodium, 


N«, 


.... 28 


Strontium, 


Sr, 


.... 87.6 


Sulphur, 


s, 


.... 32 


Tantalum, 


Ta, 


.... 182 


Tellurium, 


Te. 


.... 128 


Thallium, 


Tl, 


.... 204 


Thorium, 


Th, 


.... 231.4 


Tin, 


Sn, 


.... 116 


Titanium, 


Ti, 


.... 50 


Tungsten, 


w. 


.... 184 


Uranium, 


Ur, 


.... 118.8 


Vanadium, 


Va, 


.... 51.37 


Yttrium, 


Yt, 


.... 61.7 


Zinc, 


Zn, 


.... 65 


Zirconium, 


Zr, 


.... 89.6 



ary suggest such ideas, they are unfortunate terms 
Experimental science, which deals only with legitimate 
deductions from the facts of observation, has nothing t( 
^o with any kind of essences except those which it car 
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), smell, or taste. It leaves all others to the metaphy- 
ians. It knows no difference between elementary 
bstances and any other class of substances, except the 
e already pointed out. No one can distinguish an 
3mentary substance by any external signs. Sulphur 
d charcoal are elementary substances, chalk and flint 
e compound substances ; but who would know the 
Bference ? And, seventy-five years ago, men did not 
low that there was any difference. Modem cheniis- 
y has shown, by a process of reasoning precisely simi- 
r to that which we have discussed, that out of the 
aterial of chalk we can obtain a metal called calcium, 
id out of flint a combustible substance called silicon ; 
Ifle, from the material of charcoal or sulphur, we can 
luce no product but the same charcoal or sulphur 
?ain. Hence, we say that the flrst are compound sub- 
'^nces, and the last elementary ; but, were a process 
iscovered to-morrow by which a new substance was 
deduced from the material of sulphur, we should hail 
t once the discovery of a new element, and sulphur 
'ould be banished forever from the list of elementary 
ibstances. Yet the qualities of sulphur would not be 
langed thereby. It would still be used for making 
Jphuric acid and bleaching old bonnets, as if nothing 
d happened. All this may seem very trivial, but 
ere is no idea more common, or of which it is more 
BScult to disabuse the mind of a beginner in the study 
chemistry, than the notion that there is something 
culiar or unreal about what is called a chemical ele- 
3nt ; and the conception that an element is a definite 
bstance, like any other substance, is usually the be- 
aning of clear ideas on the subject. I hope I have 
en able to make this truth prominent, and also to 
ipress the further truth that all our knowledge of the 
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composition of matter is based on tlie fondamentd I 
principle that weight is the true measure of qiiaa% I 
of material, which is simply the first postulate of the I- 
law of gravitation. This great law of Newton is thv I- 
the basis of modem chemistry as much as it is of mod- I 
cm astronomy. 1 

We are now prepared to accept intelligenfly the 1 
following general propositions : 1. That all subsUnoei I 
may be resolved by chemical processes into one or I 
more of the sixty-three elementary substances; 2. Thit I 
all substances not themselves elementary may be re- I 
garded as formed by the union of two or more element- I 
ary substances. Of course, the second is merely the 1 
reverse of the first, and is implied by it ; but the two | 
rei)resent the two methods of proving the constitution j 
of substances, which we have called analysis and Bjn- 
1 1 ic'sis. Of these the analytical proof alone is udi versally 
possible. In by far the larger number of cases, how- 
ever, wc are also able to effect the synthesis of substances 
l)y uniting the elements of which they consist, but 
there is still a considerable number of substances which 
have never been produced in this way. 

Having acquired the conception of an elementary 
substance, and of its chemical relations, we can now 
give to the law of definite proportions a more precise 
Htateinent. As I have already said, the law is uni- 
v(jrsal. It a])plics to all kinds of chemical changes, 
an<l to all classes of substances, elementary as well as 
('oinj)ound. But elementary substances are only sus- 
(•('l>til)le of that class of changes we have called syn- 
theti(!al. They can combine with each other, but thej 
eaniiot be resolved into other substances. Hence al 
the inforniation in regard to them, which the law, m 
Wius far enunciated, gives us, is that, when they com 
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Ane, the Tmion takes place in definite proportions by 
iveiglit or volume. But this is not all the truth. There 
IB a law governing the definite proportions, and the 
•pToportions of the different elementary substances 
-which unite to form the various known compounds 
are so related that it is possible to find for each cle- 
ment a number, such, that, in regard to the several 
numbers, it may be said that the elements always com- 
bine in the proportion by weight of these numbers 
or of some simple multiples of these numbers. This 
Btipplement to the law of definite proportions is known 
as the law of ravltijpU proportions ; but, if we accept 
the atomic theory, both laws are merely necessary con- 
sequences of the constitution of matter which this the- 
ory assumes to exist. Let us, in the first place, under- 
stand fully the facts, and we shall then be prepared to 
consider their bearing on our theory. 

In the list of chemical elements above there has 
been placed against the name of each substance a num- 
ber which, for the present, using a term suggested by 
^^vy, we will call its proportional number. Now, the 
same elementary substances frequently combine with 
6ach other in several definite proportions, but these 
Proportions, estimated by weight, are invariably those 
^^ these numbers or of their simple multiples. For 
example, there are two compounds of carbon and oxy- 
8^^) which contain the relative number of parts, by 
^^ight, of each element indicated below : 

Garbon. Oxygen. 

Parts by weight Parts by weight 

Carbonic oxide, 12 16 

Carbonic dioxide, 12 82 

There are five compounds of nitrogen and oxygen 
^We composition in parts, by weight, is as follows : 
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Nltrogw. Oxjfgcu. 

Ftetobjwdclit Puts bj welgiit 



Nitrons oxide, . . . 


28 


16 or 14: 8 


Nitric oxide, .... 


14 


16 " 14 : 16 


Nitrous trioxide, . . . 


28 


48 '^ 14 : 24 


Nitric peroxide, . . . 


14 


82 " 14 : 32 


Nitric pentoxide, . . . 


28 


80 " 14 : 40 




Maoniiefle. 


FlooriDe. 


Fteto by weight 


PtetB by weight. 


Manganous fluoride, . . 


. 65 


38 = 2 X 19 


Dimanganic bexafluoride, 


. 65 


57 — 3 X 19 


Manganic fluoride, . . . 


. 65 


76 =4x19 


Dimanganic fluoride, . . 


. 65 


114 =6x19 



Examples like these might be multiplied indefinitely, 
and the law holds not only when two elements unite, 
but also when several unite in forming a compound. 

There is still another property of these numbers 
which must not be passed unnoticed, although it is im- 
plied in what has already been said. The two num- 
bers, or their multiples, which express the proportions 
in which each of two elements combines with a third, 
express also the proportions in which they unite with 
each other. Thus, 71 parts of chlorine combine with 
either 32 parts of sulphur or with 56 parts of iron. 
So, in accordance with the law, 56 parts of iron com- 
bine with 32 of sulphur. Again, 14 parts of nitrogen, 
and also 381 (= 3 x 127) parts of iodine combine with 
3 parts of hydrogen, and so 14 parts of nitrogen unite 
with 381 of iodine. Lastly, either 16 parts of oxygen, 
or 32 parts of sulphur, combine with 2 parts of hydro- 
gen, and so 32 parts of sulphur combine with either 
32 (= 2 X 16) parts, or with 48 (= 3 x 16) parts of oxy- 
<?en. In the accompanying table these results are 
en in a tabular form : 



ESPLAINED BY TllE ATOMIC THEOSr, 
S3 parta of Bulphur combina with Tl parts of cUor 






nitrogen 
hydrogen 



nitrogen. 



liydrogeiu 



From the facts let ns pass, for a moment, to their 
interpretation, and notice bow they at onee BuggcBt an 
atomic theory. To the question which the mind asks, 
"What mean those definite weights ? " the suggestion 
coinea at once, they must mean definite masses of mat- 
ter; they must be the relative weights of those little 
masaes we have called atoms. And see what a simple 
interpretation the atomic theory gives of tliis whole 
claasof phenomena. Assume that there arc as many 
Kinda of atoms as there are elementary eubstances ; that 
^1 tile atoms of the same element have the same 
^eiglit, and that the " proportional numbers " express 
'l>e relative weight of the different atoms. Assnme 
"•titer that combination consists merely in the union 
''etween atoms, and that chemical changes are deter- 
mined by their aggregation, separation, or displace- 
■nent, and we have at once a clear conception of the 
toaimer hy which the remarkable results we have been 
studying may be produced. When two eleraentiry 
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substances combine, it must be that a single atom, or.; 
some definite number of atoms of one, unite with 
definite number of atoms of the other, and therefon 
the combination must take place either in the pro 
tion of the relative weights of the atoms, or in soi 
simple multiple of that proportion. Moreover, when ia ^ 
any chemical change a new grouping of the atoms takei' 
place, the same relative proportions must be preserved.' 
From the conception of the atom we naturally re- 
turn to that of the molecule, in order to discuss the 
relation between these two quantities, which otherwise 
we should be liable to confound. You remember the 
physicist's definition of a molecule : " The small pa^ 
ticles of a substance which act as units." The mole- 
cules of hydrogen gas are the small, isolated masses of 
hydrogen, which move like so many worlds through 
the space occupied by the gas, and, by striking against 
the walls of the inclosure, produce the pressure which 
the gas exerts. The molecules of water, in like man- 
ner, are the small masses which are driven apart by 
heat, and become active in the condition of steam. 
The chemist looks at the molecule from a somewhat 
different point of view. To him the small masses are 
not merely centres of forces, but they are the partides 
in which the qualities of substances inhere. They ar® 
the smallest particles of a substance which can exist by 
themselves. So long as the integrity of the molecuV^ 
is preserved, the substance is unchanged, but, when tb^ 
molecules are broken up or changed, new substanc^^ 
are the result. We can carry mechanical division n ^ 
further than the molecule, but, by chemical means, \r^ 
can break up the molecules, and the parts of the molc^' 
cule thus brought to our knowledge are the atoms ^ 
Take, for example, common salt : 
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Tlie smallest particle of tliis salt wlucli lias a salt 
twte, and in general retains the qnalities of salt, is tlie 
Wolflenleof salt. This molecule, as we know from the 
specific gravity of the vapor of salt, wuighs 58.5 niicrti- 
criliiB, We also .know by chemical analysis that, in 
CfetySS-S parts of salt, there are 35.5 parts of chlo- 
rine and 23 parts of sodium. Hence, a molecule of 
Mltmuet contain 35.5 mierocriths of chlorine and 23 
"iicrocriths of Bodium, and, in any chemical process in 
'Well chlorine gas or metallic sodium is extracted 
froni salt, each molecule must be subdivided into these 
two parts. Now, both chlorine gas and sodium are 
Blementary substances, and our theory supposes that 
tie numbers 35.5 and 23 represent the relative weights 
of tlieir atoms. We, therefore, further conclude that 
™c moieeule of salt is formed by the union of two 
'lODiB, one of chlorine and one of sodium. 

hi like manner, the molecules of every compound 

"ibfitanee are aggregates of atoms, of at least two atoms 

^■■ii. "With the elementary substances it is different. 

' There are many of these whose molecules are never 

Siibdivided, and in such cases the molecule and the 

stom are identical, but there are also several, of which 

tte molecnlea can be shown to consist of two or more 

Woms, Thus, the molecules of phosphorus probably 

I Miairt of four atoms, those of oxygen of two atoms, 

' Wd those of hydrogen, nitrogen, chlorine, bromine, . 

Md iodine, likewise of two. 

Assuming that the molecule of hydrogen gas con- 
fliste of two atoms as just stated, let us dwell on this 
feet for a moment as explaining our system of estimat- 
ing molecular weights, which must have appeared, 
when stated, very arbitrary. You remember that, ac- 
cording to the law of Avogadro, equal volumes of all 
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i in scieiice. The hydrogen-molecule consists of 
atoms, and therefore weighs two microcriths. The 
gen-molecnle weighs sixteen times as much as the 
iTogen-molectde, and therefore weighs thirty-two mi- 
criths. The specific gravity of carbonic-dioxide gas 
^% that is, it weighs twenty-two times as much as 
jirogen. Its molecule is therefore twenty-two times 
«\ieavy as the hydrogen-molecule, and, of course, 
wdghs forty-four microcriths. Hence, in general, the 
Bpedfic gravity of a gas referred to hydrogen is the 
^^rightof the molecule as compared with the hydrogen- 
molecule, and twice the specific gravity of a gas re- 
ferred to hydrogen is the weight of its molecide in hy- 
dfogen atoms or microcriths. 

But you will ask : How do you know that the hy- 
^gen-molecule consists of two atoms, and, in gen- 
®*l) how can you determine the weight of the atom of 
*tt element ? This is a very important question for 
OBT chemical philosophy, and I will endeavor to answer 
it m the next lecture. 

6 
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LECTUEE VL 

ATOMIO WEIGHTS AND CHEiaOAL SYMBOLS. 

As I stated in my last lecture, I am to ask your ik 
tentiou at the outset this evening to a discussion of tbe 
method by which the chemists have succeeded in fixing^ 
what they regard as the weights of the atoms of the 
several elements. This method is based, in the finli 
place, on the principle that the molecular weight of » 
substance can be directly inferred from its spedfifi 
gravity in the state of gas or vapor, the weight of tb» 
molecule of any substance in microcriths being equal 
to twice the specific gravity of the gas or vapor referred 
to hydrogen. This point has been so fully explained 
that it is unnecessary for me to enlarge upon it ftirther. 

In the second place, our method is based on the 
principles of what we call quantitative analysis. I 
have already stated that the chemists have been able 
to analyze all known substances, and to determine with 
great accuracy the exact proportions of the several ele- 
mentary substances which are present in each. The 
methods by which these results are reached are, for 
the most part, indirect, and frequently very compli- 
cated. They are described at great length in the 
works on this very important practical branch of our 
science, but it would be impossible to give a clear idea 
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of thein in this connection. It may be well to say, 
bowever, that, in order to analyze a eubBtance, it is not 
necessary actually to extract the several elementary 
substances and weigh them. Indeed, this eau only 
Tery rarely be done, but we reach an equally satisfac- 
hirj result by converting tlie unknown snbstance into 
compounds whose composition has been accurately de- 
termined, and from whose weight we can calculate the 
Weights of their elements. 

For example, if we wished to determine the amount 
of snljiLur in a metallic ore, wc should not attempt to 
eitract the sulphur and weigh it. Indeed, we could 
lot ilo so with any accuracy ; but we should act on a 
Eiwii weight of the ore, say 100 grains, with appropri- 
ate agents, and, by successive processes, convert all the 
^phur it contained into a white powder called baric 
Wlpliate. Now, in accordance with the law of definite 
proportions, the composition of harie sulphate is invari- 
»We, and we know the exact proportion of sulphur it 
wntains. Hence, after weighing the white powder, 
*e can calculate the amount of sulphur in it,"aU of 
"■bicii, of course, came from the 100 grains of ore. 

Evidently, this method assumes an exact knowledge 
''ftbe amount of sulphur in baric sulphate, which must 
MTe been determined previously. This was, in fact, 
"DUBd by converting a weighed amount of sulphur into 
■"Tic sulphate, and, in a similar way, most of our 
"•ethods of analysis are based on previous analyses, in 
*"ich the definite compounds, whose composition we 
""«■ assume is known, were either resolved into el e- 
"•ontsor were formed synthetically from the elements. 
As the result of such processes as this, we have the 
•''stive amounts of the several elements present in the 
'nbstant-e analyzed, and it is usual to state the ve^viVx. 
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in per cents. Thus, the analyses of water, s^t, aiL 
sugar, give the results stated below : 



Water. 



Hydrogen... 11.111 
Oxygen 88.889 




100.000 



Sodium 39.32 

Chlorine 60.68 



100.00 



Sngir. 



Carbon 43.C 

Hydrogen ... 6JK 
Oxygen 51.4i 

100.00 



Understanding, then, that we are in possession of 
means of determining accurately the weights of the 
molecules of all volatile compounds, and also the ex- 
act per cent, of any element which each substance con- 
tains, we can readily comprehend the method employed 
for finding the weight of the atom. Let it be the 
weight of the oxygen atom which we wish to deter- 
mine. We compare all the volatile compounds of oxy- 
gen as in the diagram (p. 125). We take the specific 
gravity of their vapors with reference to hydrogen, and, 
doubling the number thus obtained, we have the molec- 
ular weights given in the column under this heading. 
The analyses of these substances inform us what p0f 
cent, of each consists of oxygen. Hence, we know how 
much of the molecules consists of this element. The 
weight of oxygen in each molecule is given in the W 
column, estimated, of course, like the molecular wei^t^ 
in microcriths. Having thus drawn up our table, W 
me call your attention to two remarkable facts whid 
it reveals. 

Notice, first, that the smallest weight of oxygen i^ 
any of these molecules is 16 m.c. ; and, secondly, ti*^ 
all the other weights are simple multiples of this. 

Here, certainly, is a most wonderful fact. ^ 
member that these nimibers, which are displayed here 
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Atomic Weight of Oxygen. 



DF CoMPOiJin>8 or Htdbogbh. 


Weight of mole- Weight of oinrfea 
cole. In moleonw. 




18 1 

28 

30 

46 

74 

44 

46 

64 

60 

80 
104 
146 
208 
263.S 

32 


m.c. 

ti 
u 
tt 
tt 
a 
it 
it 
tt 
tt 

5" 
tt 


16 m.c. 


oxide 


16 ** 


ide * 


16 '* 
16 " 




16 " 


dioxide 


82 " 


oxide k 


82 " 


•OS dioxide 

3id 


82 " 

48 " 


c trioxide 


48 " 


•' borate 


48 ** 


borate 


48 " 


silicate 


64 " 


jtroxide 


64 " 


ijas 


32 " 


^Uk^. ....•*•«•• .......... 





Atomic Weight of Chlorine. 



» OF Compounds of Chlorink. 


Weight of mole- 
cule. 


Weight of chlo- 
rine in molecule. 


iloric acid 


36.5 m.c. 

78.5 " 

64.5 " 

99. " 

95. " 

155.2 " 

181.5 " 

117.5 " 

137.5 " 

154. " 

166. ** 

170. " 

859.4 " 

271.4 " 

267.8 " 

237. ** 

71. '* 


35.5 1 
35.5 
35.5 
71. 
71. 
71. 
106.5 
106.5 
106.5 
142. 
142. 
142. 
177.5 
177.5 
213. 
218. 

1 "• 


m.c. 


J chloride 


it 


chloride 


tt 


le gas 


it 


nic dichloride 


it 


oxy chloride 


it 
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SO largely, are the results of laborious invi 
Each one of them represents the resnlt of weeks, ^ 
qiiently of months, of labor. The molecular we^ 
were obtained by actually weighing the vapor of 
gas, and thus finding its specific gravity; the 
tity of oxygen by analyzing each substance, and 
finding the per cent, of oxygen which it cont 
Kemember that the work has been done at diffa^ntj 
times, and by many different men, working wholly iJi^l 
dependently of each other, and with no view to sudii^ 
result. Now, all this work done, and the results al 
brought together, it appears that the molecule of every 
known oxygen compound contains either 16 miciO' 
criths of oxygen or some simple multiple of this quanr 
tity. It is impossible that this should be a chance co- 
incidence. That invariable repetition of 16 microcriita 
must have a meaning, and the only explanation we can 
give is, that it is the weight of definite particles of oxy- 
gen, which we call atoms. In other words, then, W 
microcriths, the smallest weight of oxygen known to 
exist in any molecule, must be the weight of the oxy- 
gen atom. In all those molecules, which contain 16 
m.c. of oxygen, there is, then, 1 atom of oxygen ; in 
those which contain 32 m.c. of oxygen, there are 2; 
and, in those which contain 48 m.c, 3 atoms, and so 
on. Notice also, in this connection, that the molecule 
of oxygen gas itself weighs 32 m.c, and is, therefore, 
twice as heavy as the atom. In other words, the mole* 
cule of oxygen gas consists of two atoms, and this is one 
of the cases referred to in the last lecture, in which the 
molecule of an elementary substance is not the same as 
the atom. 

Take, now, another elementary substance — chlorine. 
Here we have a list of some of the volatile compounds 
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^ this elenent. As before, the molecular weights an- 
^«Xed were determined by doubling the known specitic 
f C>&yities of the vapors of the several substances, and the 
I ^^ght of chlorine in each molecule was calculated from 
^fce results of oft-repeated analyses. Notice that the 
ftiallest weight of chlorine in a molecule is 35.5 micro- 
Oiths, and that the other molecules have either the same 
Weight or a simple multiple of it. This number, 35.5, 
Appears here with the same constancy as the number 16 
in the previous table. As before, this constancy cannot 
be an accident. These 35.5 microcriths of chlorine 
must be definite masses of the elementary substance, 
which retain their integrity under all conditions, and 
are not subdivided in any known chemical changes, and 
these wonderfully minute but definite masses are what 
we call the chlorine atoms. The atoms of chlorine, there- 
fore, weigh 35.5 microcriths. Hence, the molecule of 
hydrochloric acid contains one chlorine atom, the mole- 
cule of phosgene gas two such atoms, the molecule of 
boric chloride three, that of silicic chloride four, and 
that of aluminic chloride six. Lastly, as in the case of 
Oxygen, the molecule of chlorine gas is twice as heavy 
^ the atom, or, as we say, consists of two atoms. 

Consider, now, the fects in regard to volatile com- 
pounds of carbon as they are shown in the next dia- 
gram. Here we have a similar constancy in the repe- 
tition of the number 12. Twelve microcriths is the 
smallest quantity of carbon contained in the molecule 
of any compound of this element whose molecular 
weight has been determined ; and all molecules of car- 
bon compounds, whose weight is known, contain either 
12 microcriths of the elementary substance, or else 
some whole multiple of 12 microcriths. Again the 
question forces itself upon us. What means this won- 
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fill congtancy i Does any one suspect that it may 

a fiction* of our scientific theorizing--a mere play 

h numl)ers i Liet him only acquaint himself with 

facts, and lie will find how groundless his suspicion 

The evidence of these facts is far stronger than 
uld appear from our table. The number of volatile 
bon compounds is very large, and our list might 
^e been greatly extended. It must also be constant- 
remembered, as I have said, that these tables em- 
dy the result of a vast amount of experimental labor 
labor, I may add, without price, and whose only ob- 
ct was the truth. Now, all this labor done, these 
onderful results appear. We must explain them ; 
id the only explanation we can give is, that the mole- 
iles of these carbon compounds are formed of small 
lasses of the elementary substance which weigh twelve 
ucroeriths, and these small masses are the carbon 
toms. 

Before leaving the subject, let me call your atten- 
ion to one other table, in which similar facts in regard 
the volatile compounds of hydrogen have been col- 
^fced. Like the last, this table might have been great- 
' extended ; but a sufficient number of facts have been 
^Uected to show that the smallest quantity of hydro- 
•II, in any molecule, weighs one microcrith, and that 
^ quantities of this elementary substance in the mole- 
les of its various compounds are in all cases whole 
Ultiples of this small mass, which we call the hydrogen 
om. The hydrogen atom, then, weighs one micro- 
ith, and the several molecules contain as many bydro- 
-n atoms as they contain microcriths of hydrogen. 
<eiice, the molecule of hydrogen gas, which weighs 
Vo microcriths, consists of two atoms. The hydrogen 
bom is the smallest mass of matter known to science, 
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and I hope you can now appreciate the reason why 
has been chosen as the unit of molecular and atoi 
weights. I also hope that I have been able to 
vinee you that it is a definite mass of matter, and 
we have as much right to name it a microcrith aB W. 
call a certain mass of metal a grain, or another mass I 
l>ound. 

In a similar way the weights of the atoms of sevenl 
of the other elementary substances have been dete^ 
mined ; but the method is not universally applicaU% 
for there are many of the elementary substances whidi 
do not yield a sufficient number of volatile bodies to- 
enable us to fix the molecular weight of as many of 
their compounds as would be required to make off 
conclusion trustworthy. In such cases, however, we I 
have other methods of finding the molecular weigH 
which, although not so fundamental or so simple a* 
that based on the specific gravity of the vapor, give for 
the most part satisfactory results. These methods, 
however, would not be intelligible at the present stage 
of our study.* 

I trust we are all now prepared to understand the 
significance of the numbers, which, in the table of 
chemical elements (on page 112), are associated with the 
names of the elementary substances. 

* The molecular weights given in the tables on pages 126 and 128 ft** 
not in most cases the exact values, which would be obtained by doubM 
the specific gravities actually found by experiment, but they are thos^ 
values corrected by the methods alluded to above. The subject is coo*' 
plcx, involving the relative vahie and degree of accuracy of two kinds of 
experimental evidence, and its premature discussion at this time woul* 
only serve to confuse the reader. It is suflScient for the present to 8ay» 
that the correction here referred to does not in the least degree invali- 
date the conclusions we have drawn from the tables, and this will be seett 
^ be the case when the subject is fully understood. 
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I Jhne nmihei'8 represent the weiglUg of the geoeral 
K slmmTmerocritha. 

I -Ailiiaye said, the idea that the atoms are iBoIated 
■ BMsscs of matter may be a delusion, aiid so, as I have 
I sko iDtimated, we may doubt whether the magnitudcB 
|l ni optics, known as wave-lengtha, are the lengths of 
!■ nctnal ether-warea ; but, just as these magnitudes aro 
Wiitij values, on which we can base calculations 
with porl'ect confidence, although the form of the mag- 
litiide may not be known, so the atomic weights are 
invariable quantities, whose relative values aro as well 
fistablished as any data of science ; and, however our 
tlieories in regard to them may change, they must al- 
Wya remain the fundamental constants of chemistry. 
On these data are based all those calculations by which 
*e predict the quantitative relations of chemical phe- 
nomena, and, starting from the new stand-point which 
4ey furnish, we shall now proceed to develop still 
"Wter the philosophy of our science. 

Bnt, before we go forward, let me call your atten- 
•iontoavery striking coincidence, which greatly tends 
^ confirm the general correctness of the results we 
••ive reached; 

Ton are well aware that the amount of heat re- 
^"ifed to raise the temperature of the same weight of 
"Wterial to the same degree difters very greatly for dif- 
"Knt Bubstancea. In order to secure a standard of 
"forenee, it has been agreed to adopt, as the unit of 
"*"', tlie amount of heat-energy required to raise the 
"■"perature of one pound of water one Fahrenheit de- 
P^6, or, in the French system, one kilogramme of ■ 
*iter one CBntigrade degree. As water has a greater 
■^laeity for heat than any substance known (except 
''J'hojjeu gas), it requires only a fraction of a unit of 
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heat to raise the temperature of one pound of any oth- 
er substance one degree. Thia fraction is called tlio 
^lecifc heta of the Babstance, and its value has been 
determined experimentallj, with great care, for a veiy 
lai^ nnmber of substances, including most of the 
eleiueiilary substances. In the second column in the 
tible on the opposite page we have given the specific 
leat of more than one-half of the elementary sub- 
stances. We owe these results to Kegnault, and his in- 
'eatigations on this snbject are among the most import 
taut of the many valuable contributions to science of 
lluB eminent French physicist. As the specific heat of 
8 flabstance in different states of aggregation often va- 
riea very greatly, only the results obtained with the 
elementary substances in the solid state are here given, 
flnd tbe numbers in each case stand for the fraction of 
* unit of heat required to raise the temperature of one 
pound of the solid one degree. The figures in the 
*e«ind column of our table are the atomic weights of 
rae elements, and those in the third column the prod- 
ncta obtained by multiplying these weights by the spe- 
cific heat. Notice how constant this product is. It 
■^ries only between 5,7 and 6.9, and there are strong 
'^ssons for beheving that the variations depend on dif- 
ferencea in the physical condition of the elementary 
*''bfitaneeB. "We know that this condition very greatly 
^fluences the thermal relations of solid bodies, and, if 
"le Bubstatieea could be compared in precisely the same 
^^'■e, it is possible that the above product would bflji 
found to be absolutely constant, tho most probablfl^ 
'*'iie being 6.34. Only three solid elementary 8ub4 
*Mncea are fenown the product of whose atomic weiii',c.l 
y the specific heat does not fall within the li-- 
*igned above, and these are the different fyjr the atotO*j 
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bon, boron, and silicon, all elements remarkable for iha 
wide differences between the physical conditions ii: 
which they are known. ^| 

What, now, can be the explanation of the remaikj 
able law which the table presents to our notice! IMJ 
usual explanation is, that the atoms of the different elei^ 
mcnts have the same capacity for heat, and hence, ti#j 
masses of the elementary substances containing tliQ { 
same number of atoms must have the same capacity fivj 
heat when under similar physical conditions; theoott'' 
stant product being the amount of heat required to 
raise the temperature of such masses to the same de- 
gree. K, for example, it requires the same amount cS 
heat to increase by one degree the temperature of either 
56 m.c. of iron (one atom) or 200 m.c. of mercuiy (also 
one atom), it will also require equal amounts to raise 
the temperature of 56 pounds of iron and 200 poundi 
of mercury one degree ; and hence 56 x 0.1138 (tho 
specific heat of iron) must be equal to 200 x 0.0319 (the 
specific heat of mercury). — ^You will remember, of 
course, that the decimal in each case represents the 
fraction of a unit of heat required to raise the temperar 
ture of one pound one degree. 

But, all theorizing apart, an agreement like this can- 
not be the result of accident ; and, even if we cannot 
explain the law, the very coincidence gives us great 
confidence in the values of the atomic weights we ha^® 
adopted. 

Let us now, for a moment, recapitulate. All S^ 

stances are collections of molecules, and in these mol®' 

<^cules their qualities inhere. What is true of the sxi^ 

g.^r^'ice is true of the molecule. The molecule is an ^^ 

^-^4)f atoms ; sometimes of atoms of the same kii3^^ 

ent^ ^ '^ances, sometimes of atoms ^ 
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■.afferent kinds, as in compound substances. The molc- 
rvQes are destractible, while the atoms are indestrueti- 
:>]e ; and chemical change consists in the production of 
rM^aiw molecules by the rearrangement of the atoms of 
EScwmer ones. Such, then, are our conceptions of the 
DCXistitution of substances, and I next proceed to show 
b^w we are able to represent this constitution by 
xsieans of a most beautiful system of notation, with 
^^viiich you must be all more or less &miliar, under the 
xi.ame of chemical symbols. 

Just as in algebra letters are used to represent 
qaautities, so in chemistry we use the initial letters of 
'the Latin name of the elementary substance to repre- 
sent that mass of each element we call an atom. Thus, 
' O represents one atom of oxygen, N one atom of nitro- 
gen, C one atom of carbon, CI one atom of chlorine, 
Or one atom of chromium, F one atom of Fluorine, Fe 
one atom of ferrum (iron), S one atom of sulphur, Sb 
one atom of stibium (antimony). By using the first let- 
ters of the Latin names, a uniformity has been secured 
among all nations, the convenience of which is obvious, 
^nd it is only in a few cases that the Latin initial dif- 
^ ^^^ from the English. These symbols necessarily reiv 
■ J'esent a definite weight, that is, the weight of the atom. 
stands for 16 microcriths of oxygen, C for 12 micro- 
^^8 of carbon ; and, in each case, the symbol stands 
^^^the atomic weight given in our table (page 112). 
^^ order to represent several atoms, we use figures 
Placed, like algebraic exponents, above or below the 
^y^iibol. These exponents do not, as in algebra, in- 
^^cate powers, but only multiples ; thus, Og means two 
^^oms, or 32 m.c. of oxygen, Cg six atoms, or Y2 m.c 
^f carbon, and so on. 

Having adopted this simple notation for the atom> 



lad CHEMIGAL SYMBOLS. 

wc easfly represent a molecule by writing togethi^ 
symbols of the atoms of which it consists, indi< 
the number of each kind of atoms by figures, as a 
A molecule of water, for example, consists of 
atoms, two of hydrogen and one of oxygen. Hi 
its symbol is H2O. This symbol shows, not only 
the molecule consists of three atoms, as just stated, 
also that it contains 2 nuc. of hydrogen and 16 m.c. 
oxygen. Further, it shows that the molecule of 
weighs 18 m.c. If we wish to represent several m 
cules of water, we place a figure before the whole synh 
bol. Thus, 2H2O represents two molecules of watery 
5H2O five molecules of water, etc. Now, since, in all 
chemical relations, what is true of the molecule is trMt 
of the substance, this symbol may be regarded as w 
symbol of water, and is constantly spoken of as sod* | 
Again, a molecule of alcohol is known to consist of two ] 
atoms of carbon, six atoms of hydrogen, and one of 
oxygen. Hence, the symbol of the molecule is C2H«0. 
This symbol informs the chemist that a molecule of al- 
cohol contains 2 atoms or 24 m.c. of carbon, 6 atomfl 
or 6 m.c. of hydrogen, and 1 atom or 16 m.c. of oxy- 
gen. It also shows that the total weight of the mole- 
cule is 46 m.c. Several molecules of alcohol are iH' 
dicated by the use of coefficients, as before— thtis 
SCjIIeO, etc. This is the whole of the system, and jon 
SCO how beautiful and simple it is. The single letter^ 
stand for atoms, and the terms formed by the grouping 
of the letters stand for molecules, and the very possi' 
bility of the system is in itself a very strong proof th**' 
molecules and atoms really exist. 

Before proceeding to show how admirably thi^ 
system is suited to express chemical changes, let m^ 
Hsk your attention for a moment to the nature of tho 
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cridence br vUch die Sfmbol of msalMuice is £x<ed: 
bf, aldMMigli diis evidence k preosdr cf tbe fii3De kizhl 
>8 that <Mi idiidi the mtomie weigfats of the dmxsitirr 
sobsUnces rest, yet the principles inTolTed aie do im- 
poTtxnt that a iHief lesUtement of tbe evidence* jis it 
bears on tbe piesent ]»obIem, seems jQmast necessaix 
br a dear nnderstandmg of tbe subject. Tbe questton 
8 tlu's : Wbat is yonr proof tbat tbe symbol of akobol« 
or example, is CsH«Q, or, in otber words, tbat tbis 
ymbol represents tbe constitution of a molecule of si- 
ohol i The evidence is — 

1. We know by experiment (page 79) tbat tbe spe- 
ific gravity of alcohol-vapor referred to hydrogen is 
^. Hence, since, by Avogadro's law aloobol-vapor 
nd hydrogen gas have in tbe same volume the sanio 
lumber of molecules, the molecule of alcohol is twenty- 
liree times as heavy as the molecule of hydrogen gas ; 
ffld, farther, since by assumption the bydrogen-mole- 
5de weighs 2 m.c, the alcohol-molecule weighs 46 m.c, 

2. We have analyzed alcohol, and know that it has 
l«be following composition : 

Analysis of Alcohol. 

Per cent Composition of 
nioloculo. 

Carbon 52.18 24 iii.o. 

Hydrogen 18.04 ** 

Oxygen 84.78 16 " 

100.00 46 " 

Hence, of the molecule of alcohol 52-i^ per cent., 

^' 24 parts in 46, consist of carbon, 13y^ per cent., 

^'6 parts in 46, consist of hydrogen, and 34-iy\,., or 16 

parts in 46, consist of oxygen. The whole adds uj), art 

y^tt see, 46, showing that we have done our sum cor- 
rectly. 
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Analysis, then, proves that, of the molecule of alco- 
hol we]<rhing 40 m.c, 24 m.e. are carbon, 6 in.c.are 
hydrogen, and 16 m.c. are oxygen. But the weight^ 
an atom of carbon is 12 m.c, hence the molecule coft- 
tains two atoms of carbon, or C2 ; the weight of an atom 
of hydrogen is 1 m.c., hence the molecule contains 6 
atoms of hydrogen, or H4 ; the weight of the oxygen 
atom is 10 m.c, hence the molecale contains one atom 
of oxygen, or O, and the symbol is C^H^O. 

Again, why is the symbol of water H2O? 1. The 
specific gravity of steam referred to hydrogen gas is 9, 
hence the weight of a molecule of water in microcriths 
is IS. 2. Analysis shows that water has the following 
composition in lOO parts : 

Analysis of Water, 

Percent "^^^ 

Hydrogen 11.11 2 m-c. 

Oxygen 88.89 16 " 

lOO.UO 18 " 

We know, then, that, of the molecule weighing 1^ 
m.c. of water, ll^Vff P^^ cent., or 2 m.c, consist of 
hydrogen, and SS^^ per cent., or 16 m.c, consist of 
oxygen. But 2 m.c of hydrogen equal 2 atoms, or 
II2, and 16 m.c of oxygen 1 atom, or O. Hence, the • 
symbol is II2O. 

You see how simple is the reasoning and how defr 
nite the result ; and, unless our whole theory in re^ 
to molecules and atoms is in error, there is no more 
doubt that the symbol of water should be written HjO' 
than that this familiar liquid consists of oxygen a^^ 
hydrogen gas. 

But many of my audience will remember tb**' 
when they studied chemistry, the symbol of water ^^ 
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.nd will ask. Why this change J I answer: This 
;nee is of a type with the whole diflcrimce be- 
i the old and the new schools ol' cheiaUtry. lo- 
ike two symbols may be regarded aa the eliibbo- 
ot' the two systems. In the old eyst^jm, the eym- 
simply stood for proportions, and nothing olae. 
symbol H meant 1 part by weiglit of hydrogen, 

8 parts by weight of oxygen ; and HO meant 
)mpouiid, in which the two elements were com- 
id in the proportions of 1 to 8, which is as triio of 
er now as it was then. In the old system, the spe- 

form of the symbol, whether HjO, HO, or IlOj, 
1 no significance, for this was dcteiTuiued by the ar- 
rary values given to the letters. There is a second 
Qpound of hydrogen and oxygen called hydric perox- 
!, in which the elements are combined in the propor- 
n of 1 of hydrogen to 16 of oxygen; find, had the 
emists of the old school assigned to the sj-mbol O the 
ine 16 instead of 8, then the symbol of hydric per- 
ide would have been written HO. and that of water 
lO; and the only reason naually given for making O 
present 8 parts of oxygen instead of 16 was, that 
''er, being very widely diffnsed in Nature, and the 
'^t stable" compound of the two, ought to be repro- 
ved by the simplest symbol ; or, in other words, that 
Patio between the quantities of oxygen and hydro- 

1 which it contains, ought to be taken as the type 
f> between these elements. 

This reasoning was as ansatisfactory as it has 
fred to be unsound. It might justly have been said 
t the system, although artificial, was consistent in 
If, and that it better suited the requirements of the 
tern to assign to oxygen the proportional number P, 
■Ti to select a multiple of that number. Indeed, tliid 
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was the light in which the whole scale of piopoi 
numbers was regarded by a large majority of tihe 
dents of chemistry daring the first half of this 
tury ; and it is only necessary to state that the 6( 
chemists, following the lead of Berzelius, used for 
a scale in which oxygen was taken as 100, in order 
show how purely arbitrary the actual numbers 
considered to be. The only truth that the numl 
were believed to represent was the law of definite 
multiple proportion ; and, so long as the true pro] 
tions were preserved, any scale of numbers might ta 
used which suited the experimenter's fiuicy. 

It is, however, perfectly true that, in selecting <»» 
of several multiples, which might be used for a giv® 
element in a given scale, the decision of the chemiBt 
was not unfrequently influenced by the very ideas 
which now form the basis of our modem science; aflii 
shown by the fact that the proportional numbers rf 
Davy and Berzelius were called chemical equivalents 
by Wollaston, and atomic weights by Dalton and to 
pupils. But, then, the truths, which these terms now 
imply, were never fully conceived or consistently car- 
ried out. The atomic weights of the new system are 
the weights of real quantities of matter, the combining 
numbers of the old system were certain empirical pro- 
portions. So is it in other particulars, and the diffe^ 
ence between the new school and the old is really the 
difference between clear and misty conceptions. 

Our modern science is a philosophical system, based 
on ideas distinctly stated and consistently developed' 
The chemists of the old school can hardly be said to 
have had a philosophy, but they had an admirable i^^ 
Dionclaturo, which was almost as good as a philosophy 
ftnd served to classify the facts while the fimdamenta 
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fe*^dp\es of the science were being slowly develo{)e(l. 

**fc ym^ of course, to be expected that the fundameiital 

i:^^l«a8of our science should be conceived separately and 

J^ fct only imperfectly ; and it was not until clear and 

^^ii^ite conceptions had been reached, and the rela- 

'^QB of the several ideas clearly understood, that a 

ilosophy of chemistry was possible. Of course, we 

&r from believing that the ideas, now prevailing, 

•»8 necessarily true, and it is perhaps to be expected 

ttat our modem school will share the same fate as that 

^riiich preceded it ; but we do believe that the coming 

Bystem, whatever it may be, will be based on equally 

elear conceptions, and that, in attempting to clarify our 

ideas and realize our conceptions, we are following the 

i^ht path, and making the only satisfactory progress. 

Before closing the lecture, it only remains for me to 
show how the system of notation I have described may 
be used to express chemical changes, and I can best 
illustrate this use by applying it in a practical exam- 
. pie. The experiment I have selected for the purpose 
^ niust be familiar to every one in some form or other. 
In the first place, we have in this large glass vessel 
* white, pulverulent solid,* familiarly called soda. The 
chemists call it sodic carbonate. It consists of mole- 
cules, which are each formed of six atoms, two of a 
^etal called sodium, one of carbon, and three of oxy- 
gcii. Hence, the symbol is NaaCOg. In the second 
place, we have in this pitcher a liquid well known in 
commerce under the name of muriatic acid. It is a 
^lutiou in water of a compound which is called in 
^l^emistry hydrochloric acid. Hydrochloric acid itself, 
^^ I shall show you at the next lecture, is a gas 
^ times as heavy as hydrogen ; hence its molecular 
^®^ht is 36^ — and its molecules, as is well known, con- 
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sist of ODO atom of chlorine and one of by* 
Its symbol is then HCl — and the condition of aqa 
solution we may express by the addition of the 1 
Aq, the initial of o^tio, the Latin name of water— thi 
UCl+Aq. 

On pouring the acid upon the soda, there is at oi 
a violent etiervescence ; and a large quantity of gas 
evolved, which will soon fill the glass jar. The 
substances disappear, and new substances are formi 
This, then, is a chemical change. Such a change, 
the language of chemistry, is called a reaction, 
substances taking part in the change are called the f^' 
tors, and the substances formed are called the produdi' 
of the reaction. 

In the present example, the factors are sodic (^ 
bonate, hydrochloric acid, and water. What are the 
products ? 

First of all, we have a large volume of colorless I 
gas, and not only a large volume, but also a very con- 
siderable weight, since, for a gas, it is quite a heavy 
substance. In old times this product of the process was 
wholly overlooked ; but I can easily prove to you that 
there is a no inconsiderable amount of material in the 
upper part of this glass vessel, although in an invisible 
condition. First, by lowering a lighted candle into the 
jar, I can show that the air has been displaced by * 
medium in which the candle will not bum. In the 
second jJace, by dipping out some of the gas and poiuT' 
ing it into this paper bucket, I can make evident that 
its weight is appreciable : You notice that the end of 
the balance-beam to which the bucket is suspended 
innnediately falls; and see, also, how these candles ftf® 
oxtinguiflhed, as the heavy gas from my dipper flo^ 
down on the flames. Lastly, by repeating the expet^' 
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meat on a BmiiUer scale in front of the lantern, anil 
pfojeoting the image of the Bmall glass vessel, we here 
asfi, on the screen, I can make tlie current of gas visible 
asitflowH over the lip. 

TLiB aeriform material Is now called in chemistry 
arbonie dioxide, but you are more familiar with it un- 
iIb the old name of carbonic acid. It ia the chief prod- 
let of the burning of coal and wood ; and, when you 
We told that every ton of coal bnrned yields 3f tons of 
this gas, you can conceive what immense floods are be- 
ing constantly poured into the atmosphere from the 
throats of our chimneys. It is also being continually 
formed, and in BtiU greater amounts, by the processes 
of respiration, fermentation, and decay. Although fa- 
miliarly known only in the state of gas, it can readily 
be reduced by pressure and cold to the liquid condition ; 
and, when in this condition, is easily frozen, forming a 
twnapai-ent solid like ice, or a loose, flocculent material 
like snow, under dift'erent conditions. It is a com- 
pound simply of carbon and oxygen, and no fact of 
olieuiiBtry is better established than that every mole- 
•^ of this gas consists of one atom of carbon and two 
stoma of oxygen. Hence its symbol is CO^. 

The presence of the other products formed in our 
Experiment I cannot make so readily evident to you, 
silthongh they are really far more tangible than this 
?**■ One of them is water, which at once mingles 
*itli the large body of water used in the experiment. 
^ other is common salt. This dissolves, as it forms, 
W the water present ; but, after the reaction is ended, 
't Can easily be isolated by evaporating the brine. "We 
"ill start the process, so that any one who is skeptical 
! *> Mtisfy himself, by tastin g the residue, that common 
*"t has been really formed. 
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Common salt is composed of a metal, sodium, 
chlorine gas. Its molecules are known to consist, 
of an atom of sodium and an atom of chlorine, 
its symbol is NaCl. 

Let us now write the factors of this reaction 
site to the products, so that we can compare them : 

Na,CO, 

Sodie 
Cttbomate. 

Now, let me remind you of a simple princi] 
which we must apply in interpreting this reacti( 
No material can be lost. These atoms are indestraeti-; 
ble, so far as we know. If, then, we have here all 
factors and all the products (and there can be no doubt 
whatever on this point), there must be just as many 
atoms of each element in the products as there are in 
the factors, and vice versa, Now, there are two atomi 
of sodium in the molecule of sodic carbonate. Hence 
there must be two atoms of the same element in the 
products, and we must therefore write 2NaCl. The 
molecule of water in the products has two atoms of 
hydrogen ; hence we must write 2HC1 among the fee- 
tors. Thus amended, our reaction becomes : 

2Ta,00, + 2nCl = 2Na01 + HaO + CO.. 

Now, since the quantity of material represented 
among the products exactly equals that represented 
among the factors, we may very properly employ the 
equation-sign of algebra to separate the two members 
of our reaction ; and, further, it becomes equally nat- 
ural to separate the several terms by the plus sign^ 
When, now, we study the chemical change, as tbua 
Written out for our inspection, we see that, in the pro- 
cess, each molecule of sodic carbonate is acted upon by 
*Wo molecules of hydrochloric acid. The two atom* 
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iium QS^ from the molecule of sodic carbonate 
3O3) unite each with an atom of chlorine (CI) 
the two molecules of hydrochloric acid (2HC1), 
there are thus formed two molecules of common 
(2NaCr). Meanwhile, the original molecules hav- 
1>een broken up, the other atoms group themselves 
ether to form a molecule of water (H2O) and a mole- 
B of carbonic dioxide (CO2). In a word, the chemi- 
change consists in the breaking up of the old mole- 
es and the rearrangement of the atoms to form 
lers, and you will notice how perfectly our system of 
nbols enables us to follow the steps of the process. 
In saying that thid equation represents the pro- 
8, we assume the truth of the principle, already so 
en reiterated, that what is true of the molecules is 
le of the substances. Our equation merely repre- 
its the reaction between one molecule of sodic car- 
nate and two of hydrochloric acid. Of course, there 
Jre billions on billions of molecules in our glass jar, 
t then the action here represented was simply so 
my billion of times repeated. 
There is only one other point in connection with 
is experiment to which I wish to call your special at- 
tition before closing the lecture. We used a great 
«1 of water in the process, and the experiment would 
>t have succeeded without it. Now, what part does 
e water play? An essential part — ^and this point has 
ttiost important bearing on our theory of molecules. 
The reaction we have been studying takes place, as 
- have said, between molecules. But, in order that 
6 molecules of the one body should act on those of the 
W, it is obviously necessary that they should have a 
ftain freedom of motion. If the molecules had been 
:Mly fixed in the material of the two substances, it 
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would obviouBly have been impossible for them to ma 
shal themselves m the manner we have described, tn 
of one substance associating with one of the otharl 
the resulting chemical process. Kow, in a solid bodjjf 
the molecules are to a great extent fixed, and hence ni 
chemical action is possible between such snbstanoei 
except to a limited extent. There are, in general, tiw 
ways by which the required freedom of motion can li 
obtained : One is to convert the substance into vapotj 
when, as we have seen, the molecules become cont- 
pletely isolated, and move with great velocity throng 
space, their motion being only limited by the walls of 
the containing vessel ; but this method is only appli- 
cable to volatile bodies. The second method is to dis- 
solve the solid in some solvent, when the molecules, tf 
before, become isolated, and move freely through the 
mass of the liquid. The last is the method generally 
used, and water, being such a universal solvent, is tbe 
common vehicle employed to bring substances together, 
and for that reason it enters into a very great number 
of chemical changes. Such was its oflSce in the process 
we have been studying. We dissolved both the sodic 
carbonate and the hydrochloric acid in water, in ord^ 
that their molecules might readily coalesce. An experi- 
ment will enforce the principle I have been enunciating 
There are a great many substances which will aC 
on sodic carbonate like hydrochloric acid ; for example 
almost all the so-called acids or acid salts, and, amon^ 
others, that white solid with which you are familiar un 
der the name of cream-of-tartar. Here we have creauo 
of tartar and sodic carbonate, both in fine powder, att< 
we have been carefully mixing them together in tu^ 
mortar. You see, there is no action whatever ; and, ^^ 
a dry place, we can keep the mixture indefinitely wi^ 
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out change. If, however (placing the mixture in this 
gLiM ressel), we pour water over it, we have at once a 
hrifik effervescence, and carbonic dioxide is evoJved aa 
before. It required the water to bring the molecules 
logether. 

Since, then, the water plays such an important part 
ii the reaction, I prefer to indicate its presence, and 
tiiia may be done by nsing the symbol Aq. aa previously 
described. 

(NbiOO, + anci + Aq.) = (2Naci + n,o + Aq.) + Co;: 

SilnaiHi of Smile Cnrbnuata SoluHon of CommDii Salt, 

mil DjdrDcbJoric Acid. 

This indicates not only that both of the factors are 

in solution, but also that we have, as one of the prod- 
itte, a solution of common salt. That the second prod- 
uct, carbonic dioxide, is a gns, I sometimes indicate by 
• liDe drawn over the symbol, as above. 

The second reaction is equally eimple, but cream- 
of-tsrtar has a vastly more complex molecule than HCl. 
Ite Eymbol is HKCjIIiOfl, that is, each molecule con- 
suits of four atoms of carbon, six atoms of oxygen, one 
lloni of potassium, and five atoms of hydrogen. I 
Write one of the atoms of hydrogen apart from tlie 
rest, because it has a very difierent relation to the 
Ooleeule — a relation which I shall hereafter explain. 
Hie reaction would be written thus: 
{Na,CO, + 2UK0.H.0, -|- Aq.) = 

(2NaEO.n.O, + HjO + Aq.) + CO,. 

BolDiiod of Kochello SbIIs. 

With this reaction many of my audience must be 
iiniiliar, as a mode of raising dough in the process of 
"inking bread. The first member of the equation in- 
"licalee tliat the two substances arc used in solution. 
Tliore is formed, as the product of the reaction, be- 
siJc's the carbonic dioxide f^as, which puffa \\\i tUa 
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dough, the eolation of a salt, whose inolecnle haft 
complex constitatioa I have indicated, and which iB 
well-known medicine nnder the name of RocheIl( 
When Boda and cream-of-tartar are used in 
bread, this salt remains in the loaf. The amc 
formed is too small to be injurious, but I cannot 
think, although it may be a prejudice, that chemic 
had better be kept out of the kitchen. 
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OBEMICAL BEACTIONS. 

To master the Bjmbolical language of chemistry, eo 1 
ae to understand fully what it expresses, is a great step f 
toward mastering the science ; and bo important is this 
part of my subjeut that I propose to occupy the hour 
this evening with a number of illustrations of the nse 
of gymbola for expressing chemical changes. 

First, I will rectir to the experiment of the last ] 
lecture, for we have not yet learned all that it is cal- ' 
dilated to teach. 

Let OS again write on the black-board the symbols 

t which represent the chemical process : 
1 (Na,CO, i-2RCi + Aq.) = (aNaQ + E,0 + Aq.) + C07. 
^E Bcidle Urdnichlorlo Comoioii Water. Cbrtwite 

B^ChdiooBta, Ac^ Sftlt IMo^OtQtM. 

■ "We bring together a solution of sodic carbonate 
and hydrochloric acid ; and there are formed as prod- 
ticts a solution of common salt, water, and carbonic 
dioxide gas. I need not refer again to the circum- 
stance that the state of solution is an essential condi- 
tion of the change, for this point was fully discussed 
at the time ; but, before we pass on to another esperi- 
meot, I wisli to call your attention to the fact that the j 
seyera/ terms in this equation stand for absolutely defi- | 
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iiite weights of the quantities they represent, 
symbol stands for the known wei^ts of the 
which are tabulated in this diagram (table, page 11 
and the weights of the molecales, which the seyenl 
terms represent, are fonnd by simply adding up tli^ 
weights of the several atoms of which they conait 
Wlien the substance is capable of existing in the ae» 
form condition, its molecular weight can be found, as I 
have shown, from its specific gravity ; but these spt 
bols assume that either by this or by some other method 
the constitution of the molecule has been determined; 
and, now that the result is expressed in symbols, noth- 
ing is easier than to interpret what they have to tdl 
us. To begin with the sodic carbonate, Na2C0j. The 
weight of this molecule is 2x23+12+3x16 = 46+ 
12+48 = 106 m.c The weight of the molecule HCl 
is 1 + 35.5 = 36.5, and two such molecules would wei^ 
73 m.c. Next, for the products, we have NaCl = 23+ 
35.5 = 68.5, and 2NaCl = 117.0, also C02 = 12+32 
= 44, and H2O = 2 + 16 = 18. Hence the terms of our 
equation stand for the weights written over them below*. 

106 78 117 18 44 

(NaaCO, + 2nCl + Aq.) = (2Na01+H,0 + Aq.) + CO,. 

"We leave out of the account the water represented 
by Aq., for this, being merely the medium of the reac- 
tion, is not changed. Now we can prove our work 5 
because, if we have added correctly, the sum of tb^ 
weights of the factors must exactly equal the sum of 
the weights of the products — ^and so it is 106+73=^ 
17i), and 117 + 18+44 = 179. Besides the information 
^vhicli the equation gives us in regard to the mannef 
>n which the chemical change takes place, the symbols 
'«^Jh() inform us that 106 parts by weight of sodic car- 
bonate arc acted upon by 73 parts by weight of hji^^ 
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one acid, and that the yield is 117 parts of common 
pit, 13 parts ol' wat(3r, and 44 parte of carbooic-dioxide 
Pp*. ' 

i learn from thiB, in the iirst place, the exact I 
I pfuportioD in which the Bodic carbonate and hydro 
I (tluriu acid can be most economicall^r used ; for, if thoj 
I Iwt excels of one or the other substance over the pro- 
f portiotis indicated is taken, tliat excess will be wasted. J 
II will not enter into the chemical change, but will be I 
Mbeliind with the salt and water. 

Assume, then, that we have 5uO grammes of sodic 
orbonate, and wo wish to know what amonnt of liy- 
^twliloric acid to use, we simply make the proportion 
M lilS : IS =: 500 : X = 344^V- ^S^^'^^ suppose we 
*Mi to know how much common salt would be pi'0» 
diced from these amounts of 8odic carbonate and acid, 
»e write a similar proportion — 

106 : 117 = 500 : a; = 552, nearly. 

), tlien, in any process, after we have written the 

Iction as above, if the weight of any factor or prod- 
K ia given, we can calculate the weight of any other 
r Wtor or product by this simple rule : 

•Aa the total vnaleeular weighs of the substance given 
" fo (Ae total mdleeular weight of tJie suistatux required, 
* w (A« j^en weight to the required weight. By total 
"'('iMuhr weight we mean, evidently, not the weiglit 
■^f a single molecule, but the weight of the number of 
■nojeculeg whicli the equation indicates. 

This may be called the golden rule of chemistry. 

In the laboratory we never mix our materiali 
'*iiiioiii, but always wpish out the exact proportions 
"*"nd by this nile. Wlien one of the products 
P**! as in the present case, a simple modification of the 
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rule enables us to calculate the volume of the result 
gas. Suppose, for example, we wished to cal( 
what volume of carbonic-dioxide gas could be obt 
from 500 grammes of sodic carbonate. We should fiirt 
find the weight by the above rule : 

106 : 44 = 500 : aj = 207i, nearly. 

The answer is 207i grammes of carbonic dioxide* 
To find the corresponding volume in litres, we hm 
merely to divide this value by the weight of one liW 
of the gas. Now, there are tables, in which the weight 
of one litre of each of the common gases is given ; bat 
such tables, although convenient, are not necessarf, 
when, as in a written reaction, we know the molecultf 
weights of the substances with which we are dealing. 
You remember that the molecular weight is always 
twice the specific gravity with reference to hydrogen. 
Half the molecular weight is, then, the specific gravity 
with reference to hydrogen. For example, the molecu- 
lar weight of carbonic dioxide (COg) is 44, and its spe- 
cific gravity with reference to hydrogen 22 — ^in other 
words, a litre of carbonic dioxide weighs 22 times as 
much as a litre of hydrogen. Now, a litre of hydro- 
gen, under the normal pressure of the atmosphere, and 
at the freezing-point of water, weighs one crith, ot 
0.0896 gramme, or, near enough for common purpose6f 
0.09 gramme. If, then, a litre of carbonic dioxide 
is 22 times as heavy, its weight is 22 criths, or 22 ><^ 
0.09 = 1.98 gramme. Our total product, above, b^^ 
ing 207i grammes, the number of litres will be 207^-5^ 
1 .98, or very nearly 104 Jitres. A litre, as I have said^ 
is very nearly If pint, but we always use these Frenct»- 
'Weights and measures in the laboratory, so that tb^ 
Values are as significant to the chemist as are pounds 
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j&d pints to the trader. The general rule, then, is 
Hub : We first find the weight of one litre of the gas in 
grammes, by simply multiplying one-half of its molcc- 
nbur weight by -j^, and then we reduce the weight of 
Ihe gas in granmies to litres by dividing the weight by 
Uiis product. 

Let us pass, now, to another case of chemical 
diange, and the example which I have selected is 
closely related to the last. One of the products of 
Aat reaction was carbonic-dioxide gas, and here we 
laye a jar of that aeriform substance. On the other 
land, I have in this bottle an elementary sabstancc, 
called sodium. It belongs to the class of metals, and is 
«ne of the constituents of sodic carbonate, which wc 
used in the former experiment. I now propose to 
cause these two substances to act chemicaUy upon each 
other; but, as before, no chemical action will result 
Tuiless the molecules have sufficient freedom of motion. 
Those of the carbonic-dioxide gas are already as free as 
the wind, moving with immense velocity through this 
jar. But not so with those of the sodium. In the 
^ual solid condition of this metal, the motion of its mol- 
ecules is restricted within very narrow limits. Before, 
^e gave freedom to the molecules of sodic carbonate and 
hydrochloric acid by dissolving the substances in water. 
That method is not applicable here, for sodium acts 
chemically on water, and with great violence ; but we 
can reach a similar result by melting the sodium, and 
heating the molten metal until it begins to volatilize. 
Ihen, on introducing the crucible containing the seeth- 
^"g metal into the gas, the molecules of the sodium, as 
^% are forced up by the heat, will come into contact 
^th those of the carbonic dioxide, and a viol^ut chemi- 
^1 action will be the result. 
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This action is made evident to yon hy the brilliantii 
light evolved, and the sodium, as you would say, 
burning in the carbonic-dioxide gas. Let us now 
resent this chemical change by our symbols. 4; 

Beginning with the &ctors, the molecule of carbonift 
dioxide, as already stated, is represented by the symbol 
CO2. The weight of the molecule of sodium has 
yet been accurately determined ; and, in the absCTi 
of exact information, we will assume, as is most 
able, that the molecular weight is twice the atoi 
weight, or, in other words, that the molecules co 
of two atoms, Na-Na. Passing, next, to the productoi 
we find only two, charcoal, and a substance callei 
sodic oxide. As regards the last, we have every rd* 
son to believe that its molecules consist of two atonii 
of sodium united to a single atom of oxygen, NajO. 
About the charcoal molecules, we have absolutely w) 
knowledge whatever ; and we will, therefore, as is ^ 
usual in such cases, represent them as consisting of sin- 
gle atoms. Hence, writing the products after the fee- 
tors, wo have — 

COa Na-Na O Na^O. 

Carbonic Dioxide. Sodium. Carbon. Sodic Oxide. 

Remembering, now, that the number of atoms on 
the two sides must be the same, it is evident that th 
amount of oxygen in a molecule of CO2 will yiel^ 
2^020 ; and, further, that, to form two molecules of 
NagO, two molecules of Na-Na are necessary. Hence 
our reaction must be written : 

COo 4- 2Na-N'a = + 2N"aaO. 

By this we learn that, from one molecule of carbonic 
<iioxide (CO2) and two molecules of sodium (2Na-Na)i 
there are formed two molecules of sodic oxide (2Nn20) 
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1 one atom of carbon (C). It is probable that the 
niB of carbon group themselves into molecules ; but, 
we know nothing about their constitution, we can- 
b express it by our symbols. 

Both of the products of this process are solids, and 
H be found, at the dose of the experiment, in the 
lall iron crucible in which the sodium was melted 
d introduced into the jar of carbonic-dioxide gas. 
le sodic oxide is a white solid, which is very soluble 
water, or, rather, combines with water to form what 
called caustic soda, which dissolves in the liquid ; and 
ustic soda, as you well know, is a very important 
lemical agent. But the chief interest in this experi- 
ment centres about the other product. Charcoal is one 
I the forms of carbon ; and the peculiar chemical re- 
itions of this element, which are illustrated by our ex- 
eriment, are not only highly interesting in themselves, 
nt have an important bearing on the subject of these 
ectures. I shall, therefore, digress for a moment from 
Qy immediate topic, in order to bring these facts to 
^our notice. 

Carbon, as you probably know, is one of the most 
^niarkable of the chemical elements. In the first 
^'^ce, it is most protean in the outward aspects which 
^assumes. These brilliant crystals of diamond, the 
^^dest of all bodies ; this black graphite, as extreme 
^ Softness as is the diamond in hardness ; these still 
^^e familiar lumps of coal, are all formed of the same 
-tnentary substance. In the second place, the various 
^8 of fuel used on the earth also consist chiefly of 
is element, which is, therefore, the great source of our 
tificial light and heat, and the reservoir of that en- 
gy which, by the aid of the steam-engine, man uses 
ith such effect. 
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All carbonaceons materials used aa fiiel, wheiher 
wood, coal, oil, or gas, if not themselves visibly organ- ^ 
ized, were derived from organized Btractures, chiefy 
plants ; and all the light, all the heat, all the poweri 
which they are capable of yielding, were stored away 
daring the process of vegetable growth. The origift 
of all this energy is the sun, and it is brought to the ; 
earth by the sun's rays. Coal is the charred remaiitfi 
of a former vegetation, and the energy of our coal-bedl 
was accumulated during long periods in the early agfll 
of the geological history of the earth. Wonderfbl as | 
the truth may appear, it is no less certain that tha 
energy which drives our locomotives and forces our 
steamships through the waves came from the son, than, 
that the water, which turns the wheels of the LoweD 
factories, came frt)m the springs of the If ew-Hampehire 
hills. How it comes, how there can be so much pover 
in the gentle influences of the sunbeam, is one of tbo 
great mysteries of Nature. We believe that the effect 
is in some way connected with the molecular structure 
of matter ; but our theories are, as yet, unable to cope 
with the subject. That the power comes from the sun, 
we know ; and, moreover, we are able to put our finger 
on the exact spot where the mysterious action takes 
place, and where the energy is stored ; and that spotH 
singular as it may appear, is the delicate leaf of a plan * 

This same carbonic dioxide, on which we are her^ 
experimenting, is the food of the plant, and, indeed 
the chief article of its diet. The plant absorbs the ga^ 
from the air, into which it is constantly being poureJ 
from our chimneys and lungs, and the sun's rays, act- 
ing upon the green parts of the leaf, decompose it. 
The oxygen it contains is restored to the atmosphere, 
^hile the carbon remains in the leaf to form the struct- 
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ore of the growing plant. This change may be repro* 
Bented thuB : 

CO. = + (M). 

GarboDio Diozide. Carbon. Oiygen. 

Kow, to tear apart the oxygen atoms from the 
carbon requires the expenditure of a great amount 
«f energy, and that energy remains latent until the 
irood is burned ; and then, when the carbon atoms 
again unite with oxygen, the energy reappears undi- 
Binished in the heat and light, whidi radiate from the 
l^owing embers. Just as, when a clock is wound up, 
the energy which is expended in raising the weight rc- 
iippears when the weight &lls ; so the energy, which is 
expended by the sun in pulling apart the oxygen and 
carbon atoms, reappears when those atoms again unite. 
This is one of the most wonderful and mysterious ef- 
fects of Nature ; for, although the process goes on so 
silently and unobtrusively as to escape notice, it accom- 
plishes an amount of work compared with which most 
of the noisy and familiar demonstrations of power are 
Diere child's-play. It is one of the greatest achieve- 
ments of modem science, that it has been able to meas- 
^ this energy in the terms of our common mechanical 
^^Jt, the foot-pound ; and we know that the energy 
®^eited by the sun and rendered latent in each pound 
^^ carbon, which is laid away in the growing wood, 
^^tild be adequate to raise a weight of five thousand 
^^s one foot. 

The chief interest connected with the experiment 
-fore us is to be found in the fact that it is almost the 
^>allel to the process which is going on in the leaf of 
''^ry plant that waves in the sunshine. Compare the 
^o reactions as they are here written, the one over 
^« other : 
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CO, + 2Na.Na = C + 2NaO. 

CO, = c + 0=0. 

In the first, the cause of the breaking up of the GO^ 
molecule is evident. The molecules of the sodium 
have what is called an intense afi^tj for the atooi 
of oxygen, and attract them with such power as to.teir 
them away from the atom of carbon. Now, when yot 
remember that the atoms of carbon and oxygen are 
united by such a force that it requires the great eneqj 
I have described to tear them apart, and in the li^ 
of this knowledge study the second reaction, yon wi 
fail to find in the symbols any adequate explanation of 
the efiect. And they cannot explain it ; for the bWb 
energy cannot be expressed by a chemical foimula. But, 
yet, this energy does here precisely the same work 
which the sodium accomplishes in our crucible. More- 
over, there is another striking analogy between the two 
processes, which must not be overlooked. 

The carbonic dioxide is decomposed in a vegetable 
leaf; and, of the two products of the reaction, the oxy- 
gen gas escapes into the air, while the carbon is depoe- 1 
ited in the vegetable tissue. This relation between 
the two products depends on the aeriform condition of 
oxygen on the one hand, and the great fixity of carbon 
on the other. Carbon is peculiar in this respect: Inajl 
its conditions, whether of diamond, graphite, or coal, i^ 
18 one of the most fixed solids known. Even whenex- 
])()8ed to the highest artificial heat, it never loses its 
solid condition, and so the molecules of carbon, as they 
form in the leaf, assume their native immobility, ^^^ 
heeoTnc a part of the skeleton of the growing iplB.n^' 
To fully appreciate this remarkable relation of carbo^ 
^0 organic structures, you must recall the fact that tb^^ 
*>^ily other three elementary substances, of which a^^' 
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lis and plants chiefly consist — oxygen, hydrogen, and 
tiogen — axe not only aeriform, but they are gases, 
lich no amount of pressure or cold is able to reduce 
the liquid or solid condition. All organized beings 
Ety be said to be skeletons of carbon, which have con- 
mseA around the carbon atoms the elements of water 
id of air. 

This point is one of such interest that a familiar 
ustration of it may be acceptable. When a piece of 
ood is heated out of contact with the air, the volatile 
ements, hydrogen, oxygen, and nitrogen, are driven 
f in various combinations, while the carbon molecules 
'e left behind, retaining the same relative position 
ley hard in the tree ; and, if we examine the charcoal 
ith a microscope, we shall find that it has preserved 
le forms and markings of the cells, and the rings of an- 
ual growth ; and, in fact, all those details of structure 
^hich marked the kind of wood from which it was made. 

My assistant has projected on the screen a magni- 
ied image of a thin section of wood, which has been 
toroughly carbonized, and you see how strikingly the 
acts I have stated appear. 

Now, just as the non-volatile carbon is deposited 
^rom the carbonic dioxide in the cell of the plant, so in 
onr experiment is it deposited in the crucible. Both 
of the products of the reaction are to a great extent 
fixed, but the carbon by far the most so ; and, in this 
experiment, all, or, at least, a great part, of the carbonic 
^oxide, which previously filled the jar, has deposited 
''he carbon it contained in the iron crucible. In the 
P*ant the carbonic dioxide, which passes through the 
^'^I'Ucture in the process of plant-life, leaves its carbon 
^ the leaf or stalk ; and so here, the carbonic dioxide, 
^Wch is brought by the currents in the jar in contact 
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with the heated sodium, leaves its carbon in the 
ble. In order to show you that carbon has been 
formed, I will now remove the crucible, and quendi 
with water. The sodic oxide (Na^O) dissolves, and 
charcoal is set firee, and you see that the water in 
jar is black with the particles of floating charcoaL 

Let us now pass on to study a remarkable seriei 
chemical changes, in which carbonic dioxide also 
an im{)ortant part. The first of the series is one 
which you are all so familiar, that it is perhaps noti 
portant to repeat it in this place ; but, as I am anzio^ 
that you should have the processes we are Btad7ia| 
presented to you in visible form, I will make the tnM 
experiment of slaking some common lime. 

The action is very violent, and great heat is deyd- 
oped. As we shall hereafter see^ the evolution of beat 
is an indication of chemical combination, and, in tho 
case before us, the lime unites with the water. L^^ 
try to represent this change by our symbols. 

Lime is a compound of a metal we call calcium and 
oxygen. It is, in a word, a metallic ore ; and I have a 
small bit of the metal which it contains in this tube. 
r>y projecting an image of the tube on the screen, yofl 
can see almost all that I can, save only that the metal 
has a brilliant lustre and ruddy tint, like bismuth. ^ 
molecule of lime is formed of two atoms, one of th^^ 
metal and the other of oxygen. Hence the symbo* 
CaO. A molecule of water, as we know, is represented 
by II2O. The product of the reaction is a light, whit< 
powder we familiarly call slaked lime, and its analysis 
iutor])reted by its chemical relations, shows that it La 
ttic constitution Ca02H2. The chemical name is calcii 
*^ydrato, and the change by which it was produced w< 
^n now express thus : 
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Hut, let US shake op the liquid, so as to bring the mole- 
cules of both liquid and gas in contact, and you see 
that, at once, we have a very marked change. The 
liquid becomes turbid, and, after a while, a quantity of i 
white ]>owder will fall to the bottom, which, if collected 
and examined, will be found to be identical with chalL 
Now tliat you are acquainted with our method of no- 
tation, 1 can best explain to you this change by writing 
at once the reaction : 

(CaO JI, + COi + Aq.) = CaCO, + {U,0 + Aq.). 
Cakic II jdnte. CaUc Owbooate. 

The symbols of the factors of the reaction you wiD 
at once /ecognize, and you will also interpret the 
meaning of Aq., used to indicate that the calcic hy- 
drate and carbonic dioxide come together in solution. 
Among the products of the reaction, the first symbol 
represents one molecule of calcic carbonate, the mate- 
rial of chalk. This body, being insoluble in water, 
drops out of the solution, and forms what is called a 
precipitate, a condition which we indicate arbitrarily 
i)y drawing a line under the symbol. The only other 
product of the reaction is water, which, of course, min- 
gles with the great mass of water present, and this we 
express by 1120 + Aq. 

I need not tell you that this white powder is not 
only the material of chalk, but the material of the 
limestone rocks, which form so great a part of the 
rocky crust of our globe. Not only the rough monn- 
tain limestones, but the fine marbles, and that beauti- 
ful, transparent, crystalline mineral we call Iceland- 
spar, are aggregates of molecules, having the same con- 
stitution as those which have formed in this expen- 
ment. The difierences of texture may, doubtless^ he 
referred to difierences of molecular aggregation ; hut 
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lave not yet l3eeTi able to discover, either what the 
irence is, or on ^vvliat it depends, 
[n order to produce the last reaction, we poured the 
upon the solution, of calcic hydrate ; and the chalk 
only produced as fast as the gas dissolved in the 
id. We sliall obtain the reaction more promptly, 
nstead of taking the gas itself, we employ a solution 
the gas in water, previously prepared. Moreover, 
J form of tbe experiment will enable me to show 
I a phase of the process which might otherwise cs- 
^ your notice. I need not tell you that we can 
ily obtain such a solution ready-made to our hands, 
lat beverage, which we persist in miscalling soda- 
iter, is simply an over-saturated solution of carbonic 
oxide in water, made by forcing a large excess of the 
IS into a strong vessel filled with water. At the or- 
inary pressure of the air, water will dissolve its own 
olume of this gas; but, when, forced in 'by pressure, 
he water dissolves an additional volume for every 
additional atmosphere of pressure. As soon, how- 
ever, as this solution is drawn out into the air, the ex- 
cess of gas above one volume escapes, causing the effer- 
vescence with which we are so familiar. Carbonic di- 
oxide is formed in the process of fermentation by 
^liich beer and wine are prepared ; and it is the es- 
^pe of the excess of this gas, dissolved under pressure, 
^tieh causes the effervescence of bottled beer and 
champagne. The solution in water (soda-water) is now 
^Qpplied to the market in bottles called siphons, which 
^^e convenient for our purpose. 

Notice that, as I permit the solution to flow into 
^® lime-water, the same white powder appears as be- 
^^6 ; but, now, notice further that, as I continue to 
^^ the solution of carbonic dioxide, this white solid 
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redieeolvce, and we have a beautifully dear Golo6ao. 
I It is generally believed that, under these condidou, 
I Id prcstiuce of a great excess of earbomc dioxide, ihe 
molecule of calcic carbonate combines vith additiotul 
Rtouis of carbon, oxygen, and hydrogen, to form tbe 
very complex molecule HjCaCjOe, which is assmned to 
be soluble in water; but, as tbis point is one of donb^ 
I prefer to present the phenomenon to you ae simptf 
one of eolation, and as illustrating a remarkable pMoi 
in our chemical philosophy — the fact that the prodot 
tion of a given compound is frequently determined ly 
the circumstance of its insolubility. The calcic carljon- 
ate forms, in the first instance, because this compomul is 
insoluble; but, when a proper solvent like the fterated 
water is present in sufficient excess, no such compound 
results, or, at least, we have no evidence of its fonst- 
tion. 

Most of my audience will be more interested, bw- 
ever, in tliis solution of chalk in soda-water (for snchit 
I is), from the fact that it plays a very important part in 
' Nature, and is a common feature of domestic eipen- 
ence. Such a solution as this is what we call liu^ 
water, and spring-water is trequently in this conditiffli- 
1 Such water is said to kill soap, and is disagreeable when 
used in washing, because the lime in solution formB witn 
the fatty constituent of the soap an insoluble, slid? 
mass, which adheres to the hands or cloth. Moreover, 
when such water is boiled, the carbonic dioxide is driven 
off, and the water loses its power of holding the cb*!k 
in solution, which is deposited sometimes as a looe* 

I powder, but at other times as a hard crust on '^ 
Bides of the boiler. 
I cannot readily show you the repredpitation o*' 
der these conditions ; but I have here a crust, wMo' 
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med in a steam-boiler in the manner I have de- 
A precisely similar: action gives rise to the 
on of stalactites in lime-caverns, and of a form 
-rock called travertine. Some of the finest mar- 
,ve been formed in this way. 
OS it is that we have been imitating here the 
jtion of chalk, limestone, and marble, at least 
as the chemical process is concerned. The mole- 
r all these substances has the same constitution, 
ised by the symbol CaCOg. Now, it is evident 

OaOO. = OaO + COi. 

Caldc Carbonate. lime. Oubonic Dioxtde. 

oaean simply by this, that it is theoretically possi- 
• form, from one molecule of calcic carbonate, one 
^ule of lime and one molecule of carbonic dioxide ; 
; does not follow from this that it is practically pos- 
to break up the molecule of calcic carbonate in this 
and we must avoid the error, not unfrequently 
I by chemical students, of being led astray by our 
ion. These equations, which we call reactions, are 
ke the equations of algebra. * Any thing that can be 
ced from an algebraic equation, according to the 
of the science, must be true ; but it by no means 
STB that any combinations we may form with our 
)ols can be realized. We cannot deduce facts from 
lical symbols. They are merely the language by 
h we express the results of experiment; and for 
reason I have been, and shall bef, very careful to 
^ you the facts before I attempt to express them in 
Ucal language. But, in the case before us, our 
on is needless, for we can break up the molecule 
le precise way which our assumed reaction indi- 
; and I will show you, lastly, two additional 
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chemical procecses, which will bring back our mateml 
to the couditiuu of lime and carbonic dioxide, the sub- 
btaiu-i'S from which we started. 

The lirst is a reaction, identical with the one I hare 
just written. Since the beginning of the lectnre, I 
have been strongly heating some limips of chalk in 
this platinum crucible. The process is a slow one; and 
it was necessary to begin the experiment early, in 
order that I might show you the result. The chemical 
cliange is identical, however, with that which maj be 
nbser^'ed in any lime-kiln, where lime is made bybani- 
ing limestone. Each molecule of chalk, CaCOs, looses 
a molecule of carbonic dioxide, CO2, and we have left 
a molecule of lime, CaO. But the change in the ap- 
pearance of the white mass produced by burning is so 
slight that I must bring in the aid of experiment to 
prove tluit any change has taken place ; and, £rst of aD) 
I must show you the test I am going to use. 

In the first of these two jars I have an emulsion 
of chalk, and in the second milk-of-lime. Kotice tba* 
this piece of paper, colored by a vegetable dye called 
turmeric, remains unchanged when dipped in the emul- 
sion of chalk, but turns red in the milk-of-lime. 

Let us test, now, the contents of our crucible. " ® 
will first empty it into some water. The white tol* 
almost instantlv become slaked, and render the water 
milky. TTe will now dip in a sheet of turmeric-papcr> 
and you see that, although we began with inactive 
chalk, we have obtained a material which acts on the 
turmeric-paper like caustic lime. Tlius, then, we h*^® 
rcirtMieniteil the lime. 

T-ot us next see if we can regenerate the carbonic 
dioxide: 

In the last experiment, carbonic dioxide was p^ 
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1 BO alowlj, and in such small qtiaii- 

drely to escape notice. Where, however, 

i bunned on a large scale, tlie current of giie 

L is frequently very perceptible ; and more 

r vagrant, wLci has songht a night's lodg- 

j slielter of the stack, has been suffocated 

n. But we can make evident the produo- 

inic dioxide Irom chalk without the aid of 

illustration. 




bis bottle we have some bits of chalk. One of 
[necks of the bottle is eloaed by a cork, throngh 
^sses tightlj an exit-tube, to conduct away any 
tmay be formed. The other is also corked, and 
1 tlje cork passes a liinnel-tube, by which 1 can 
tee any liquid reagent into the bottle (Fig. 22). 
aing in some muriatic acid, a violent effervea- 
(nenes, and a gas is formed which, flowing from 
ttabe, displaces the water in this glass bell. 
t bell stands in what we call a pneumatic trough, 
S simple apparatus for collecting gases must, I 
be familiar to all of my audience. The open 
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month of the bell reste ob the ehelf of tlie trough Did- 
der water, and the !i<iuid b eostained in it by the press- 
nro of the air. Let me, while the experiment ia going 
on, write out the reaction : 

= (CaCl, + Aq.) + ^iZ 

(MritCtiiiMVa. 

We already know the Bymbols of all the &ct(H% 
and we may, therefore, eonline our attention to tim 
products. 

The products are, first, carbonic-dioxide gas ; an^. 
secondly, a solution in water of a componnd wfaoae 
molecule consists of calcinm and chlorine, and which 
we call calcic chloride. And, now that the jar ^ 
£11ed, I can easily ehow that we have regenerated 
bonie dioxide. Removing the jar from the trough^ im 
will first lower into it this lighted candle, and tfaaiu 
pour into it some lime-water. The candle is instant^ 
estinguisbed, and the lime-water rendered turbid. 

Thus we end the torture of these molecules. Toa 
have seen how easily we have formed them, and boir. 
readily we have broken them np. We began with 
lime and carbonic dioxide, which we united to fono 
chalk. We dissolved the chalk in a solution of COi, 
and learned how, in Nature, various fonns of limestonB 
conld be crystallized from tliis solution. Lastly, ** 
have recovered from the chalk the lime and carboni" 
dioxide with which we begun. I hope you havebeffl' 
able to follow these changes, and to nnderatand tl* 
language in which they are expressed. If so, we ha** 
taken another step in advance, and, at the next lectw^ 
shall be able to go on and classify these reactions, fW" 
thus prepare the way by which we may reach still ft"" 
ther truth in regard to this wonderfiil microcosm "' 
molecules and atom: 
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LECTUEE VIII. 

CHEMICAL CHANGES CLASSIFIED. 

Among chemical reactions we may distinguish three 
iasses: 1. Those in which the molecules are hroken 
up into atoms ; 2. Those in which atoms are united to 
form molecules ; and, 3. Those in which the atoms of 
one molecule change places with those of another. 
Keactions of the first kind are called analysis^ those of 
the second synthesis^ and those of the third metathesis 
—terms derived from the Greek, and signifying rc- 
Bpeetively to tea/r opaHj to hind together^ and to inter- 
change. 

This classification is one of great theoretical impor- 
tance. But it must be further stated that a simple ana- 
lytical or synthetical reaction, as here defined, is sel- 
dom if ever realized in Nature. Almost every chemi- 
^1 process is attended both with the breaking up of 
Molecules into atoms and the regrouping of these 
^toms to form new molecules, that is, it involves both 
aiialysis and synthesis; and this is true even in the 
^^Uy cases where the products or factors of the chemi- 
^^ reaction are elementary substances ; for, when the 
^^lecules of the elementary substances consist of two 
^^ more atoms, the breaking apart or coalescing of 
^^^86 atoms, although they are atoms of the same ele- 
8 
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inent, constitutes analysis or synthesis, as here d( 
Thus, when, in the burning of hydrogen gas, thiB 
mentary substance unites with the oxygen of the air 
form water, the molecules of oxygen must be divii 
into atoms before the synthesis of the water mol 
is possible ; and so, on the other hand, when wtAa 
decomposed, the resulting atoms of oxygen unite 
twos to form molecules of oxygen gas ; and this 
ing is, according to our definition, a process of 
thesis. The chemical reactions, which express 
changes, illustrate very clearly the point here made: 

Bnrnliig of Hydrogen Oas. Deoompositioii of Water. 

2II-H + 0=0 = 2H,0. 2H,0 = 2H-H + 0=0. 

Bydrogen Oxygen Water. Water. ^Qammmi OByiafii 

Gas. Oaa. ' QtST G«. 

The first states that from one molecule of oxygen m 
formed two molecules of water, and this, of course, ne- 
cessitates a division of the oxygen molecules; whila 
the second states that from two molecules of water onlj 
one molecule of oxygen gas results, a process wWA 
involves the union of the two oxygen atoms, previously 
separated in the two molecules of water. Indeed, » 
purely analytical or a purely synthetical reaction would 
only be possible theoretically in those cases where ele- 
mentary substances were involved, whose molecules con- 
sist of a single atom, that is, where the molecule and 
tli6 atom are identical, and we can recall no well-de- 
fined reactions of this kind. 

But, although we should be obliged to seek among 
the unfamiliar facts of chemistry for examples of pnre 
analysis or pure synthesis, yet processes, in which one 
or the other is the predominant feature, and which il' 
lustrate the special characteristics of each, are close ^^ 
l^nnd. Some of these I now propose to bring befor^ 
you, beginning with the analytical processes, and 1 



PHEPARATION OF OXYGEN fiAS, 171 

sball flelDet such examples as incidentally illustrate iin- 
portant prmciples, or interesting facte, of the Bcience. 
Afterward, we will pass to tlie metathetical reac- 
s, which are not only very common, but constantly 
tfnndisturbed by other modes of chemical change; 
le study of this very important class of phenora- 
D show us 8ome of the latest pliasea which our 
i philosophy has assumed. 
I the analytical reactions I will select for our first 
Sstion the process by which oxygen gas is usually 
rinida. The common source of oxygen is a white salt, 
"Off wbU known under the name of chlorate of potash, 
I but which, in the nomenclature of our modern chem- 
i Wry, ia called potassie chlorate. I presume, if we 
, ihonld inquire into the cause of the present notoriety 
oi this chemical preparation, we sliould find that it 
, OTffld its reputation to the chlorate of potassa troches, 
wd there is no doubt that, when judiciously used, 
tiua Bait has a rery soothing effect on an irritated 
throat. But, after all, the great mass of the potassie 
■borate manufactured is used for fireworks or for mak- 
ing oxygen gas, and it is to the last use we now pro- 
pose to apply it. For this purpose, we have only to 
Wt the salt to a low, red heat in an appropriate vea- 
•d. Wo nae here a copper flask, and connect the oxit- 
, tabe with the now familiar pneumatic trough. Wliilo 
*y assistant ia preparing the oxygen gas, I will explain 
bjott the process. 

Although potassie chlorate is a non-volatile solid, 
lod we have no direct means of weighing its molecules, 
jet, from the purely chemical evidence we possess, 
there is no doubt whatever about its molecular consti- 
tution. It is expressed by the symbol KCIO3, and, 
n the process bffore lis, the potassie chlorate sivq'^'j 
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breaks up into another salt called potassic chloride and 
oxygen gas, 

KCIO, = KCl + O., 

Pbtuak ChWnte. PotaMie CaUorlde. Oxygen Atoms. 

that is, each molecule of the salt gives a molecule of 
potassic chloride and three atoms of oxygen. "Sotm^ 
that I say three atoms ; for this is a point to whiclil| 
must call your attention. 

We are not dealing here with an example of purt 
analysis, although that feature of the reaction pre- 
dominates over every other. Oxygen gas is the 
product formed; and, as I have several times said, 
we know that the molecules of oxygen consist of 
two atoms. Hence, the three atoms which the heat 
drives off must pair, and, from three atoms, we can 
only make one molecule. What, then, is to become of 
the third atom, which seems to be left out in the cold' 
You must have abeady answered this question; for 
you remember that our symbpls only express the 
change in one of * the many millions of molecules 
which are breaking up at the same instant ; so there 
can be no want of a mate for our solitary atom, i^' 
deed, two molecules of chlorate will give us just the 
number of atoms we want to make three molecules of 
oxygen gas. Hence, we should express the change 
more accurately by doubling the symbols : 

2KCIO3 = 2KC1 + 30=0. 

Potassic Chlorate. Potassic Chloride. Oxygen Gas. 

Let me next remind you that these symbols express 
exact quantitative relations ; and, as some of my young 
friends may desire to know how to calculate the amount 
of chlorate they ought to use in order to make a giv^^ 
Volume, say, ten litres of oxygen, I will, even at the 
^isk of a little recapitulation, go through the calcnl»- 
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Hod: A molecule of KCIO, weighs 39.1 + 35.5+48 =; 
122.e m.c., and two molecules will weigh 245.2 ni.c. 
TIieBe7ield3Ka,we!ghing3(,31>.l + 35.5) = 14'J.Sm.c,, 
sod 300, weighing 9ti m.c. We must next find tlie 
ffeigLt of ten litres of oxygen gas. To find the weight 
of uue litre we multiply the specific gravity of the gas, 
or half molecnlar weight, by ^hf. Now, j^fu x 16 = 
1.44 gramme. Hence, ten litres weigh 14.4 grammes. 
But, if 90 m.c. of gas are made trom 245.3 m,c. of 
salt, then 14.4 grammes would be obtained from a 
quantity easily found from the proportion ; 



96 : 246.3 = 14.4 : x = 



6.78 grammes. 



I think, after this, we will assume that these quan- 
titative relations are all right, and let them take care 
. of tliemselvee. Returning to the experiment, before 
I show that the products are those which I Lave de- 
Mril>ed, let mo give just a word of caution to any of 
^y yoang friends present, who may like to repeat it. 

We find that it is best to mix our chlorate with a 
•leaTy black powder, known in commerce as black ox- 
'de of manganese. Wliat the effect of the powder is 
'''0 do not know, for it is wholly imcbanged in tho 
pfocesB, But, in some way or other, it cases oif 
"le decomposition, which is otherwise apt to be vio- 
'6nt. In buying the black oxide of manganese you 
"iNBt take care that it has not been adulterated with 
'Oaldust — for a mixture of coal-dust and chlorate ex- 
plwies with dangerous violence when heated, and seri- 
ous accidents have resulted from the oipidity which led 
w BOeh adulteration. Let me, moreover, say in general 
"■St, although I highly approve of chemical experi- 
"lenta, as a recreation for boys, they ought always to be 
~ le.imder proper oversiglit, and according to ei&ct 
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directions, and I would warmly recommend, as a trust- 
worthy coni])anion for all beginners, the abridgmentcf 
'• Eliot and Storer's Manual of Chemistry," recently 
eilited by Prof. Nichols, of the Institute of TechnA j 
o^rv. 

But how shall I show yon that this gas we 
(ibtaincd is oxygen ? I know of no better way 
to test it with one of our watch-spring matdies. 
no other gas will iron bum like this. 

So much for the oxygen. Let us next turn to 
other product, that I called potassic chloride. This 
letl in the retort, forming a solid residue, but, $i 
would take a long time to bring what we have 
made into a presentable condition, we must be 
to see some of the product of a former process, whii 
I have in this bottle. 

At a distance, you cannot distinguish the white salt 
from the potassic chlorate with which we started, but, 
if you compared the two carefully, you would see that 
there was a very great difference between them. I 
can only show you that the crystals of the two 
have wholly different forms. For this purpose I 
crystallized them on separate glass plates, and I to 
now project a magnified image of the crystals on the 
screen. There you see them beautifully exhibited on the 
two illuminated disks side by side. The square figure 
on the left-hand disk (Fig. 23) are the projections of 
the cubes of potassic cJdoridej which differ utterly ^^ 
form from the rhombic plates oi potassic chlorate tlxa-* 
appear on the right (Fig. 24). 

The second example of an analytical process wHd^ 
I have to show you is also familiar to many of d^/ 
''^'Udience, and cannot fail to be interesting to the rest ? 
^"^r it is the process by which nitrous oxide is prepared? 



^^r PREPARATION OF NITROUS OXIDB. 

K99ie gne now so mucli ueed by the dentists rs an »i 
I'^iietic. It was formerly called laugliing-gua, but tl 
kteecnliar intoxication it causes, when inhaled under 
jijfain conditions, has been almost forgotten in its jtrcseni 





t application in minor surgery. Nitrous oxide 
lade from a well-known white ealt, prepared from 
B of the secondary products of tlie gas-works, and 
' d nitrate of ammonia, or Bmmonic nitrate. Wlien 
it Eftlt is gently heated in a glass flask, its molecules I 
(at np into those of nitrous oxide and water. 
liA^in, let ns make use of the time required for the I 
ment to explain the process. The molecules of T 
toouic nitrate have the constitution NjHjOa, and j 
* change may be represented thus : 



'■Be experiment has been arranged so as to show both-l 
"'the products {Fig; 25). The water condenses in this J 
''^t-tube, while the gas passes forward, and is coUectedl 
••^er a pneumatic trough. But what evidence can Ij 
Si^c yon that these arc, iu fact, the products 'I As r 
fi^tia the water, you would readily recognize the &ifl 
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miliar liquid, which has collected in the tube, could 
yoD examine and taste it. Bat, as I cannot offer 701 
this evidence, I will seek for another. Most of jwt 
ihoBt be familiar with the remarkable action of d>B 
alkaline metals on water. Yon see bow this Inrop*^ 
potasainm inflames the moment it touches the tiqiii 




— Prf puuloD of Nitnnit Oilds and 



Let ns now see whether it will act in a eimilar way*" 
the liquid which has condensed in our tube. . - . "^^^ 
can be no doubt that we are dealing with water. Ne* 
for the gas. Nitrous oxide has the remarkable qual''? 
not only of producing ansesthesia, but also of BUStM" 
ing the combustion of ordinary combustibles withgr^ 
brilliancy — like oxygen gas. But there ie a macse 
difference between nitrous oxide and oxygen, wh"^ 
an ejjperiment will serve to illustrate, and this, at tl 
same time, will show us that the gas we have obtaim 
in our experiment is really nitrous oxide. 

Taking a lump of snlpliur, I will, in the first plaf 
ignite it, and when it is only burning at a few poiE 
I will immerse it in a jar of oxygen. As you see, it 
once bums up with great brilliancy. Tailing now a sii 
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lump of sulphur, and waiting until you all admit 

Ihatitis ignited more lull; than before, 1 will plunga 

it into tins jar of gas wc liave juBt prepared, aud wliicli 

weassanie to be nitrous oxide. ... It at once gii«s 

i*iit,and the reason is obvious. There is an abundanco 

of osygcn in the nitrous oxide — relatively, more than 

fffiee as much as in the air ; but, in tlm nioleculea of 

IfjO, the oxygen atoms are bound to the atoms of ni- 

twgen by a certain force, which the sulphur at this 

ten^eratnre is unable to overcome. Let me, however, 

heat the sulphur to a still higher temperature, until the 

■whole surface is burning, and you see that it burns as 

Ijiiiliantly in the compound as it does lu the elemeat- 

The last example of an analytical reaction, which 
We Bbail have time to examine, is furnished by a re- 
niarkable compound of iodine and nitrogen, called 
^Je of nitrogen. Iodine ia an elementary substance, 
'esembling chlorine, which is extr.icted from kelp, that 
tommoa broad-leafed sea-weed abounding on our coast. 
" ia s very volatile solid, and gives a violet-colored va- 
pof, whence its name from the Greek word (mS?;i;. When 
iiated gently with aqua ammonia, the iodine takes 
"(lai the ammonia a portion of nitrogen, aud forms 
''itn it a very explosive compound whose molecule has 
'ne constitution NI3. We have prepared a small (pian- 
tityof the substance, and the black powder is now rest- 
'ig OB this anvil, wrapped in filtering-paper.. The 
^liptest friction is sufficient to determine the break- 
'ig np of these very unstable molecules, and the de- 
^Wposition of the compound into iodine and nitro- 
8*'- A mere touch with a hammer is followed by a 
'**i report, when you notice a cloud of violet vapor, 
*'iich iadiuates that the iodine has been set free 
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In tKJB case, as in previons examples, the atome, wboi 1 
liberated, unite in pairs to form luolecnles of nitrogen | 
gas on the one side, and molecules of iodine-Tapor on I 
the other ; and, since a single molecule doee not jield I 
an even number of atoms of either kind, we d 
the symbols. 

There is one characteristic of analytical reactioM I 
which must be carefully noticed, although I know of 
no means of illustrating it adapted to the lecture-room. | 
All such I'eactions are attended with the absorption oi 
heat, and, in each of the cases we have studied, a veij 
large amount of energy in the form of heat has dissp 
pcared. But this can only be made evident by com- 
paring the results of careful meaBurements, which can- 
not be m.ide rapidly,and whose discuseion, even, vonlo 
be out of place at this time. I muBt, therefore, conMu* 
myself with stating the &ct as one of the definite i^ 
eulta of science, and pass on to some examples of Bp 
thesia — reactions of the opposite class. 

One of the most striking illuBtrationB of the dire"* 
union of two molecules, to form a third, is furnished ^T 
the action of ammonia gas on hydrochloric-acid g^' 
Without entering into any details in regard to the p*^"* 
cesses by which these two aeriform substances are 'P^\ 
pared, let it be sufficient to say that, in the glass fl»^^ 
on the right-hand side of this apparatus (Fig. 26), a-^^^j 
the materials for making hydrochloric acid, and in tt^^^L 
similar flask on the left those for making ammoni^^. 
The exit-tubes from these flasks deliver the two gas^^^ 
into this large glass bell, where they meet, and th-' ^^ 
chemical reaction takes place. The reaction ie ver^^ 
simple, and one in regard to which we have no doubt--^^ 



DIEBCT Finos or TWO GASK& 



i:» 



for tbe Qolecnles of both of the factore have been 
weighed and aDiiljzed. It ia expressed xhas : 

M, + iici = sn.ci. 




Fio.SS,— ComUiuitli 



■"9 jou see, the atoms of a molecule of ammonia unite 
*itn those of a molecule of hydrochloric acid to form 
* single molecule of ammonic chloride, and, although 
"'B reaction may imply the breakmg up, to a certain 
*stent, of tbe molecules of the two factors, yet the 
siibaeqnent synthesis is the chief feature. Ammonic 
^loride is a solid, and the sudden production, from 
™o invisible gases, of the white particles of this salt, 
*'Mrfi fill the bell with a dense cloud, is a very etrik- 
""S phenomenon. 

The second example of syuthesis I have chosen is 
^"^lly strikiug. Here, also, the factors of the reaction 
*^ both gases. 

Tlie lower jar (Fig. 27) contains a gas called nitric 
"^"'e, like nitrous oxide, a compound of oxygen and 
"itrogon, but containing a relatively larger proportion 
"^ oxygen. Its molecule has the constitution NO. 
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The upper jar contains oxygen, and, on removing the 

thin glass which now separates the two gases, you do- 

tice an instantaneous change. A deep-red i 

vapor soon fills the glass. This red prod- ' 

net is still another compound of nitrogea ' ] 

and oxygen, called nitric peroxide, whose 

symbol is NOg, and the reaction is simply 

this: 

2N0 + 00 = 2N0,. 

Nitric Oxide. Nitric Peroxide. 

Here a molecule of nitric oxide takes only 
an atom of oxygen, and, since each mole- 
cule of oxygen gas consists of two atoms, it 
will supply the need of two molecules of NO. : 

Since the two factors and the single prod- 
uct of this process are all gases, the reaction ; 
^ w^tTo?"f before us is well adapted to ilfiistrate another j 
iSdOxyg^ fact in regard to our symbols, of which I j 
^**- have not as yet directly si)oken. H, ^ ] 

writing reactions, care is taken that each term shall 
always represent one or more perfect molecules, so ft^ '- 
as their constitution is known — then the symbols wl 
always indicate, not only the relative weights, but also 
the relative volumes of the several factors and products 
when in the state of gas. That this must be the case, 
you will see when you remember that equal voluiu^ 
of all gases under the same conditions have the saiu^ 
number of molecules, and hence that all gas-molecules 
have the same volume. The symbol of one molecule rep- 
resents what we will call a unit volume, and the number 
of these unit volumes concerned in any reaction is the 
same as the number of molecules. We can read the 
reaction before us thus : Two volumes of nitric-oxide 
and one volume of oxygen gas yield two volumes oi 
nitric peroxide. 
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Three volumes, therefore, become two. If this is 
the case, there must be a partial vacuum in the jar, 
and, on opening the stop-cock, you hear the whistle 
'which the current of air produces as it rushes in to es- 
tablish an equilibrium. 

We come now to still another example of a syn- 
thetical reaction, and, to illustrate this, the apparatus 
before you has been prepared (Fig. 2o). 
The metallic leaf in the upper of the two 
glass jars is made of brass, which consists 
of the two metals, zinc and copper. In 
the lower jar we have chlorine gas. The 
air has been exhausted &om the upper 
jar by a pump, and, on opening the stop- 
cock, the chlorine gas will rush in from 
the lower jar to take its place. Chemical 
• ^ion at once results, and notice the ap- 
pearance of flame, which is an indication 
that great heat is produced by this chemical 

change. The change here is very simple. 

^e atoms of chlorine unite directly with fio. 2s.— union of 
*'h6 atoms both of zinc and of copper, Tinsei^ °*^ ^^ 
forming two compounds, which we call 
^^spectively zincic chloride, and cupric chloride. One 
fraction will serve for both' metals, as the two are sim- 
^^^f, differing only in the symbols of the metals. Take 
Copper — 

Cu + Cl-Cl = CnCU. 

Copper. Chlorine Gas. Cupric Chloride. 

As in analytical reactions heat is absorbed, so in 
synthetical reactions heat is evolved. You were all 
witnesses of the fact that heat was evolved in this last 
reaction, and it is equally true that heat was devel- 
oped in each of the two previous experiments. In the 
combination of ammonia with hydrochloric acid (Fig. 
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26), this fact was made evident by the thermometer we 
placed in the beU for the porpose, and in the combinft- 
tion of nitric oxide with oxygen by the initial expsor 
sion which attended the first union of the two gases, 
and which would have lifted off the upper bell (flgi 
27), had I not firmly held it in its place. As, however, 
the product rapidly cooled to the temperature of the 
air, the initial expansion was soon followed by the con- 
densation to which I called your attention. 

Now, the principle illustrated by these three experi- 
ments is universally true, and the point is so impor- 
tant that I will make still another experiment in order 
to illustrate this feature of synthetical reactionB stHl 
further. In this glass I have placed a small piece of 
phosphorus, and now I will drop upon it a few crjB- 
tals of iodine. Direct combination between the phos- 
phorus and iodine at once takes place, and the heat 
developed by this union is sufficient to inflame the mi- 
combined phosphorus which I have intentionally added 
in excess. 

The principle here illustrated is one of the greatest 
importance in the theory of chemistry, and this class 
of phenomena has been the object of extended inves- 
ti<i;ation. Not only has it been shown that the f^' 
ciple here stated is in general true, but also that V^^ 
amount of heat liberated by the union of the sat^^ 
atoms to form the same molecules is always constaJ^ 
and this amount has, in very many cases, been me^ 
ured. It has further been proved by actual experime^ 
that, when, by any cause, the atoms thus joined are se^ 
aratcd, exactly the same amount of heat is absorbeiS' 
In chemical processes, where, as a general rule, ther^ 
are both analysis and synthesis, the thermal relatione 
depend solely on the extent to which these two effects 
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ttralize isph other, and, when we know the thermal 
ilents of the atoms coacemed, wc are able tu pr^ < 
;t tie reanlt. 

There is one class of chemical processeB in whicb 
the thermal efFeets are bo great, so etriting, and so im- 
i>ortmt, as to subordinate all other phenomena. I re- 
'or to tlie common processes of combnstion, on wlitch 
*"e depend for all our artificial light and beat. To 
these processes I shall next ask your attention, for, al- 
ttongh they are only further illnstrations of the princi- 
plfl jnst stated, yet, they j)lay sneh an important part in 
^Nature, and have been so often the battle-ground be- 
^^ween rival chemical theories, that they demand our 
Separate attention. I will open the subject by burning 
**» the air a piece of phosphorus. 

Before this intelligent audience it is surely nnneces- 
safy to dwell on the elementary facts connected with 
'ke class of phenomena of which this is tlie type. It 
^in only be necessary for me to call to your recollec- 
'•in tlie main points, and then to pass to the few feat- 
Wks wliich I desire especially to illustrate. In regard 
*** tlie main points, no experiment could be more in- 
strnclive than this. This large glass jar is filled with 
^^ same atmospheric air in which we live. Of this 
stmoBpheric air one-fifth of the whole material consists 
**f molecules of oxygen gas in a perfectly free and un- 
*cinbinod condition ; for, although they are mixed with 
"iKileciilcB of nitrogen gas, in the proportion of four to 
°ifii Bad, although the presence of this great mass of 
f ert material greatly mitigates the violence of our or- 
wnary processes of burning, it does not, in any other re- 
'[•wt, alter the chemical relations of the ttxygeii gas to 
'^mirastible substances. These combustibles arc, for 
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muBt [lart, compounds of a few elements — carbon, 
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hydrogen, Eulphnr, and phosphoms — indnding the ^ 
nientary Bnbstanccs themselTes, and onr common oom- 
liustiblcs arc almost cxclusivclj componnds of hydrogea 
and carbon only. Their peculiar relations to the atmoi- 
])hcrc depend solely on the fact that the atoms of tkse 
Ixxlies attract oxygen atoms with exceeding enei^i 
and it is only necessary to excite a little molecular ae- 
tivitv in order to determine chemical nnion betwea 
the two. This nnion is a simple synthetical reaction} 
and, like all processes of that class, it is attended wiA 
the liberation of heat. The chief feature which dis- 
tinguishes the processes of burning from other synthet- 
ical reactions is the circumstance that the heat gen- 
erated during the combination is sufficient to produce i 
i{rnition — in other words, to raise the temperature of 
the materials present to that point at wliich they be- 
come luminous, and the brilliant phenomena wliidi 
thus result tend to divert the attention from the sim- 
])lc dicniical change, of which they are merely the out- 
ward manifestation. In the case of our ordinary com- 
Inistihles, the real nature of the process is still further 
obscured by the additional circumstance that the prod- 
ucts of the burning — carbonic dioxide and aqueous va- 
jjor — arc invisible gases, which, by mixing with the 
atm(>s])liere, so completely escape rude observation tW' 
tlieir existence even was not suspected until about * 
<;oiitury ago, when carbonic dioxide was first discover^^ 
by 1 )r. Black. Although these aeriform products nec^^' 
wirily contain the whole material, both of the comb^^ 
lil)le and of the oxygen with which the combustible b^' 
combined, there is a seeming annihilation of the co^^ 
bustible, which comjJetely deceived the" earlier che^^ 
irttH. Til the case before us, however, the product ^ 
^l»e combustion is a solid, and it is this circumstan^ 
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lit SO instractive. AlmoHt 

ill be here bcuii. You iiu- 

'•^jihorus in onU-r to etart 

ijtbustible, like every otlit-r, 

definite temperature bvfDi'c 

tumpemture is usuiilly ciillwl 

I differs greatly for ditlcrciit 

■.■6phoruB inflames bcluw tlio 

Cut^T, coal and similar conibas- 

!at. If, as our modcni theory 

fcratnre merely means an in- 

Rular motion, tlie exjilanatiim 

1 to be that a certain inti'iisity 

,ry in order to bring the 

Kciently near to those of the 

he atoms to unite, and that the 

fcply the temperature at \vlii( b 

I momentum is attained. I'ut 

1 continues of itself, for it is a 

fBubstances we call combustible 

f tbc body is inflamed, tlic heat 

!|icfll union ie sufficient to main- 

|.of the adjacent mass at the igni- 

I'tbe chemical process itself, nothing 

lan tbe change which is taking I'lacc 

i before ns. It is an example of di- 

EEhis white powder wliicli you see 

aidant flakes is the solid snioko of 

Tt is formed by the union of the phiispbonm 

—two atdms of phosphoniB miitiiig wiih 

to form a molecule of this solid, wliidi 

fljfe oxide, and whose symbol we may 
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But, neither the conditions of the bnrDing nor tin 
chemical change itself, although so beautifully illoft* 
trated here, are nearly so prominent facts as the mani* 
festation of light and heat, which attends the process; 
and these brilliant phenomena wholly engrossed the 
attention of the world until comparatively recently, and 
indeed they still point out what is really the most im- 
portant circumstance connected with this class of phe- 
nomena. The union of combustible bodies with oxy- 
gen is attended with the development of an immeDse 
amount of energy, which takes the form of light or 
heat, as the case may be. Moreover, it is also true that 
the amount of energy thus developed depends solely 
on the amount of combustible burnt, and not at all on 
the circumstance that the burning is rapid or slow. 
Thus, in the case before us, the amount of heat devel- 
oped by the burning of an ounce of phosphorus is a 
perfectly definite quantity, and would not be increased 
if the combustion were made vastly more intense. So 
it is with other combustibles. The table before yoii 
gives the amount of energy developed by the burnit^? 
of one pound of several of the more common combust 

Calorific Power from One Pound of Each Combustible 



Hydrogen 

Marsli-gas 

Olefiant gas 

Wood-charcoal 

Alcohol 

Sulphur 



English 
Units of Heat 



Foot-poundf'' 



62,032 
23,513 
21,344 
14,544 
12,931 
4,070 



47,888,40^ 
18a52,35(^ 
16,477,880^ 
11,228,000 
9,982,890 
3,141,886 



tibles, estimated, in the first place, in our common unit^ 
^f heat, and, in the second place, in foot-pounds. But*^ 
although the amount of energy is thus constant, de^ 
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ending solely on the amount of the combustible burnt, 
le brilliancy of the effect may differ immensely. A 
diking illustration of this fact I can readily show you. 

For this purpose I will now repeat the last expcri- 
lent, with only this difference, that, instead of buniing 
le phosphorus in air, I will bum the same amount as 
efore in a globe filled with pure \)xygen. We shall, 
f course, expect a more violent action, because, there 
eing here no nitrogen-molecules, there are five times 
3 many molecules of oxygen in the same space. Hence, 
aere are five times as many molecules of oxygen in con- 
ict with the phosphorus at once, and five will combine 
nth the phosphorus in the same time that one did bc- 
ore. But, with this exception, all the other conditions 
►f the two experiments are identical. We have the 
•ame combustible, and the same amount of it burnt. 
S^e have, therefore, the same amount of energy devel- 
oped, and yet how different the effect ! Phosphorus 
^urns brightly even in air, but here we have vastly 
greater brilliancy, and the intensity of the light is 
binding. 

What is the cause of the difference ? One obvious 
^planation will occur to all : The energy in this last 
^periment has been concentrated. Although only the 
'^e amount of heat is produced in the two cases, yet, 
the last, it is liberated in one fifth of the time, and 
^e effect is proportionally more intense. The inten- 
ty of the effect is shown simply in two circumstances : 
:'st, a higher temperature ; and, secondly, a more brill- 
nt light. Of these, the first is fully accounted for in 
e explanation just suggested ; for, if five times as 
neh heat is liberated in a given time, it must neces- 
rily raise the temperature of surrounding bodies to a 
uch higher degree. I need not go beyond your famil- 
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iar experience to establish this principle, although tem- 
perature is a complex effect, depending, not only on the 
amount of heat liberated, but also on the nature of the 
material to be heated, and on conditions which deter- 
mine the rapidity with which the heat is dissipated. 
But the matter of the li^t is not so obvious. Why 
should more rapid burning be attended with more brill- 
iant light } It is so in the present case ; but is it al- 
ways so ? We can best answer this question by a few 
ex|>eriments, which will teach us what are the condi- 
tions under which energy takes the form of light ; but 
these experiments we must reserve until the next lect- 
ure. 




LECTURE IX. 



THEORY OF OOMBUgnON. 




As our last honr closed, we were studying the phe- 
nomena of combustion. I had already illustrated the 
fact that, 80 far aa the chemical change was concerned, 
these proeeeses were examples of Biraple synthesis, con- 
Bisting in the union of the combustible atoms with tlie 
oxygen atoms of the air, and that the sole circumstance 
which distinguished these processes from other syiitliet- 
ieal reactions was the amount of energy developed. 
There were three points to which I directed your at- 
tention in connection with this subject: 1. The con- 
dition of molecular activity, mcasnretl by the tempera- 
turo or point of ignition, which the process requires. 

2. The chemical change itself, always very simple. 

3. The amount of energy developed, and the form 
of its manifestation. This last point is the phase of 
these phenomena which absorbs tlie attention of be- 
holders, and the one which we have chiefly to study. I 
Btsted in the last lecture that the amount of energy de- 
veloped depended solely on the nature and amount of 
tiie combnstible burnt, but I also showed that both the 
iDtensity and the mode of manifestation of this energy 
varied very greatly with the circumstances of the es- 

HW^ment. The intensity of the action wa ttaced at 
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(iiu*c to the rapidity of the combustion, bnt theconfi- 
tiiiiis which determine whether the energy developed 
nludl tuke the form of heat or light we have still to in- 
vestigate, and no combustible is so well adapted u 
hydrogen gas to teach us what we seek to know. 

Here, then, we have a burning jet of hydrogen. It 
is ni»t best for me to describe, in this connection, either 
the process or the apparatus by which this elementary 
substance is made, and a constant supply maintained 
at the burner, as I wish now to ask your attention ex- 
clusively to the phenomena attending the burning of 
the gas ; and let me point out to you, in the first plac^ 
that hydrogen bums with a very well-marked flame. 
The Hanie is so slightly luminous that I am afraid it 
cannot be seen at the end of the hall, but I can make 
it visible by puflSng into it a little charcoal-powder. 

Now, all gases burn with a flame, and flame is sim- 
l)ly a mass of gas burning on its exterior surface. As 
the gas issues from the orifice of the burner, the cur- 
rent ]>ushcs aside the air, and a mass of gas rises from 
the jet. If* the gas is lighted — that is, raised to the 
]M)iiit of ignition — this mass begins to combine with 
tlio oxygen atoms of the air at the surface of contacti 
jind the size of the flame depends on the rapidity ^vith 
which the gas is consumed as compared with the rap^^^' 
ity with which it is supplied. By regulating the sup' 
]>ly witli a cock, as every one knows, I can enlarge ^^ 
diminish the size at will. 

The conical form of a quiet flame results from tb^ 

9 i\ 

circumstance that the gas, as it rises, is consumed, a^ 
thus the burning mass, which may have a considcnil^^ 
diameter near the orifice of the jet, rapidly shrinks ^^ 
^ point as it burns in ascending. 
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(tetails, leEt wc should lose eight of the chemical ]ilii- 

losophy, which it ie the main object of this course to 

itioBtrate. The chemical chaoge here is even more 

lie than in the experiment with phosphorus, and 

RSts solely in & direct union of the hydrogen atoms 

tflie gas with the oxygen atoms of the air. Indeed, 

other connection, we studied the reaction at nn 

stage in this course of lectures ; wlien, in order 

strate the characteriBtie feature of chemical conibi- 

i,we exploded a mixture of hydrogen and oxygen 

The reaction obtained under those conditions 

sntical with that here. We had not then leamefi 

irees the chemical change with eymbols ; but now I 

■s^penture to write the reaction on the black-board : 

2n-H +00 = 311,0. 

UydnseD Ou. 0ijk<!d Ou. Bteun. 

It would be very easy to show jou that, as the sym- 
'*lfi indicate, from two volumes of hydrogen, and one 
•rfoiygen, two volumes of steam are fonned ; but the 
^'Pttiment requires a great deal of time, and the re- 
*"'' could not readily be made visible to this audience, 
I muBt content myself with proving that water is really 
P'O'lneed by the hydrogen flame, 

Tbc apparatus we use looks complicated, but is, 
'" ftct, very simple (Fig. 29). By means of an aspira- 
***' the products of combustion arc sucked through a 
'■^B glass tube, which is kept cool by a current of wa- 
^f'n a jacket outside. The flame bums under the 
*T^ and flaring mouth of the tube, and the liquid, 
*Wli condenses, drops into a bottle at the otlier end. 

Yon must not expect that any considerable amount 
^' Wftter can be produced in this way. In the union 
^ the two gases to liquid water, a condensation of 
*^ timefi takes place, so that, in order to obtain a M 
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quart of liquid water, we must bum 1,200 quarts rf 
hydrogen gas, and take from the air 600 quarts of puifi^ 
oxygen ; and this, on the scale of our experiment 
would be a very slow process. We have here obtaini 
barely an ounce of liquid, although the jet has 
burning for more than an hour. In order to show 
the product is really water, I will apply the same test 
I used in a former experiment. We will pour the 
liquid into a shallow dish, and drop upon it a bit of 
l>ota88ium. . . . The hydrogen - flame, which at onoe^ 
bursts forth, gives the evidence we seek. 




Fio. 29.— The Synthesia of Water. 

Such, then, being the nature of the chemical pro- 
cess before us, let me pass on to that feature of tW^ 
flame which is at once the most conspicuous and the 
most important phase of the phenomenon, namely, the 
development of energy. Here, again, we have become 
acquainted with the important facts bearing on this 
question. In a previous lecture I told you that, in the 
burning of a pound of hydrogen, sufiScient energy was 
developed to raise a weight of 47,888,400 pounds to 
*be height of one foot, and these figures are included, 
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among ofW data of the same kind, in the <Uagrain 

aiU before jon. (See page 1&6.) I also endeavored to 

impr^s on joar minds tlie inaguituiie of this energy 

showing tLat, with a hydrogeu-tlonie, a temperature 

be obtained at which steel bums like tinder. In 

eiperiment, however, tlie energy was intensified 

■Ar greater degree than in the flame we have here ; 

Ithough this flame is very hot, it is wholly inade- 

to produce the effects you before witnessed. Tlie 

ity was then gained jnst as in our experiraeut with 

ipliorns, by burning the hydrogen in pure oxygen, 

imtead of air; and you remember the apparatus, called 

the compound blow-pipe, by which this result was ob- 

tamed. 

The flame of the blow-pipe emits a pale-bine light, 
but is so slightly luminous that it can hardly be seen 
8t any distance in this large hall, and yet, as we know, 
intensely hot. Ton have seen how steel defla- 
s before it, and I will now show you its effect on 
KTera! other metals (copper, zinc, silver, and lead). 
Ton notice that they all burn freely, and tliat each im- 
ports to the flame a characteristic color, and, I may add. 
■JOpassing that spectrum analysis, which has achieved 
nch great results during the last few years, is based on 
these chromatic phenomena. 

But the experiments you have just seen, although 
•0 brilliant and instructive, have not yet given us much 
belp toward the solution of the problem we proposed 
to investigate, viz., the conditions under which the en- 
6r|3y of combustion is manifested in the form of light. 
Tliey have, however, helped us thna far : they have 
I Aoim that the light cannot depend upon tlic rapidity of 
flie coenhnstion or the temperature of tlie fiumo alone, 
where wc have intense energy and a very bigh tern- 
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jHTature without light. Moreover, they have presentee 
us with a phenomenon, which diders from that ^ewifr 
nested at the close of the last lecture, in the very poiid 
we are investigating : phosphorus boms in ozygoi 
witli a most brilliant light ; hydrogen bnmB in ozygoi 
with scarcely any light. 

Now, it is evident that the cause of the light mvl 
be some circumstance of the first experiment, whid 
docs not exist in this, and, by comparing the two to* 
gL'thcr, we may hope to reach a definite result. Atfinl 
sight, this comparison reveals only resemblances. Bott 
processes consist in the union of combustible materiil 
with oxygen. In the one case it is the atoms of phofr 
])liorus, and in the other the atoms of hydrogen, whidi 
combine with the atoms of the oxygen gas. Otherwifie 
the chemical change is the same in both cases, and we 
cannot therefore refer the light to any diflerence in the 
process. Again, in both processes a very large amount 
of energy is developed, but, so far as there is any diffe^ 
ence, that difierence is in favor of the hydrogen, whidi 
gives the least light. So, also, in both processes, ft 
very high temperature is attained ; but a simple calcn- 
lation will show that the temperature of the hydrogen- 
fiaine is higher than that of the phosphorus-flame, uA 
60 the light cannot be an efiect solely of temperature- 
Can it be that the difference is due to the circumstancft 
that the combustible in one case is a solid, and in the 
other a gas? Here, at least, is a difference, which 
gives us a starting-point in our investigation. But we 
shall not pursue the investigation far before we fi^i 
that this difference is wholly illusory. It will appear 
that phosphonis is a very volatile solid, and that it ^ 
wholly converted into vapor before burning ; so th*tj. 
in fact, we are dealing in both cases with burning g^ 
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In looking round for other difFerences wo ehall 
Hecogntze that there is a marked difference in the 

'jrcNiijcts of the two processes. The product iu ono 
iue IB phosphoric oxide, and in the other case water. 
Water is volatile, and is evolved in tlie state of vapor. 
iPlioaphoric oxide is a higUly-ftsed solid, and condenses 
In those snow-like tlakes which you saw fulling in the 
ijir at the last lecture. May it not be that the cii-cuin- 
toncethat the product in the one ease is a solid, and 
(b the other a gas, ia the cause of tlie diti'erence in the 
Bght? In the phosphorus-flame there are solid parti- 
defl of phosphoric oxide, while in the hydrogen-flauie 
there are no solid particles whatever. Can this be the 
tauBe of the difference i Here, at least, ia another 
ttarting-poiut for our investigation. 

An obvious mode of discovering whether there is 
Iny value in this suggestion is to introduce non-vola- 
tile solid matter into the blow-pipe flame, and observe 
whether the light of the flame is affected thereby. The 
temperature of the flame is so high that there are but 
few aohds which are suflnciently fixed for our experi- 
ment. One, however, which is admirably adapted for 
Oar purpose, is at hand, and that is lime. In order, 
flien, to answer the question that has been raised, let 
Bs introduce into the flame a bit of lime, or, what 
WDoimtB to the same thing, allow the flame to play 
tgainet a cylinder of this material, (In an instant the 
l»ll is most brilliantly illuminated.) The questioi 
otiBwered, and there is no plainer answer than that 
given by a well-considered cxjieriment. 

And here let me ask your attention to the method 
*o have followed, because it illustrates, in the most 
striking manner, the method of science. When 
^iah to discover the cause of an effect obaeryed in any 
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■• -k.-. .-- .- :»irLi:e c^ti: ■ilsj.;r-=ir5w That ^vetryi 



s^r:-::' ■.: c.\:^rl:^r:i.i?. virvir.:: ihe eonditioDS at each 
tri^l. .i-::l a: Liit we 5;i--:Tcv»i in eiiminatinff the etfecL 
T:.:? L^vi::^ b-e^n d-.-ne, we next c^'inpare ihecondi- 
:: :.5 ui-ier wLicrh tie enect appears and those nnder 
*:-..L :: dx-:? not. Tb:^ae oi-nditions cc*mmon to both 
i.\:^r\n.ez.Zs ift at on:e eliminjiied, while those whiA 
ir»: direrent in the two are cajeinllv considered, and 
L.x'.icriir.ents are devised to test their influence ontho 
t-::t.-v:: xiui'il at last the cause is made evident. Thus 
wl' s-»'.:j*:.t tu rind the c-ause ot the light generally jmh 
d"; ;oi by oi'inbustion. We began by burning differeat 
c -Tiib'-isribles until we fo'^nd one which eave out little 
I r :*' • li jlit. We next cximpared the burning of phos- 
i-hvirus in fixveen, which gave a verv intense liffht, 
with the burning of hydrogen, which gave little or 
nriiie. We f.nmd that the only important difference 
between the two cases was the circumstance that the 
y»li'»>p]ionis-fl:iine contained particles of solid matter, 
while the hydroiren-flame contained none, and in order 
Vj tust the effect of the difference, which the compari- 
son siigi'csted, we placed solid matter in the hydrogen- 
flame, when the cause of the light became evident 
This method of differencing phenomena as a means of 
discovering the cause of effects which are prominent in 
one, although common to both, is frequently called 
differentiation, and it is one of the most valuable 
methods of science. If I have succeeded in giving 
you some idea of the method, the time we have de- 
voted to these experiments has been well spent. 

You will grant, I think, that we have now established 
the following points in regard to the theory of combua- 
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ion: 1. That the process requires a certain degree of 
nolecxdar activity, measured roughly by what we call 
die point of ignition. 2. That the chemical chnngo 
eoftsists simply in the union of the combustible with 
die oxygen of the air. 3. That these processes difier 
from other examples of synthesis chiefly in the circum- 
rtauce that the union of the oxygen atoms with those 
of our ordinary combustibles is attended with an 
extraordinary development of energy. 4. That the 
imoimt of this energy is constant for the same com- 
bustible, and is in each case exactly proportional to 
the amount of fuel burnt. 5. That the intensity of 
the effect depends on the rapidity of the combustion, 
the energy usually manifesting itself as heat, but tak- 
ing also the form of light when non-volatile solid parti- 
cles are present.* 

Were we to limit our regards solely to the theory 
of combustion, there would be no necessity of pursu- 
ing the subject further ; but additional experiments 
naay be of value by helping you to associate these 
principles with your previous experience. To this end 
I propose to ask your attention to the burning of one 
of the most familiar combustibles, viz., carbon in the 
form of charcoal, and, in order to hasten the process, 
^ewill bum the charcoal in oxygen gas instead of air. 
Placing, then, a few lumps of charcoal, previously ignit- 
^) in a deflagrating spoon, I will introduce them into 
Wiig large jar of oxygen gas. ... As you see, the char- 
^al burns more brilliantly than in air. But even in 
tile pure gas the burning is by no means very rapid, 
^nd the reason is obvious. Since carbon, in all its 

' In order to give a complete view of the subject, it would be necessary 
to show further that liquids, and even vapors, under certain conditions, 
niajr become brilliant sources of light. 
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fonzu^ is non-Tolatiley the molecules of the chaicod 
cannot leave the solid lamps. They do not, therefore^ 
pj half-wav to meet the oxygen-molecales, but simplj 
roLtrive those which are driven against the soifaceof 
the coals. Hence the process depends on the activitj 
«>f the oxygen-molecules alone, and, since the nnmber 
of these moleeoles which can reach the combustible in 
a given time is limited by the extent of its 6ur&ce,it 
is evident that with these lumps of coal we cannot 
exj>ect very rapid burning even in pure oxygen. H 
however, our theory is correct, we should greatly in- 
crease the rapidity by breaking up the lumps, and thus 
increasing the surface of contact with the gas. Let ob 
sec if the result answers our expectations. 

Taking, then, some finely - pulverized charcoal, 
already ignited (by heating the mass in an iron dish 
over a spirit-Limp), I will sift the red-hot powder from 
an iron spoon into another large jar filled with oxy- 
gen. . . . Nothing we have yet seen has exceeded the 
splendor of the chemical action which now results. 
This dazzling light is radiated by the glowing particles 
of charcoal, which, after they have become incandes- 
cent, retain their solid condition until the last atom of 
(jarbon is consumed, giving us another illustration of 
tlio influence of this circumstance on the light: and 
let me again call your attention to the great fixity of 
(!jirl)()n which the experiment also illustrates, and you 
will lit once recognize the importance of this quality 
of the elementary substance in localizing our fires, as 
Wi'U art limiting their intensity, and will see that the 
iiHp ofcoal MS fuel wholly depends upon it. 

Turn next to the chemical change itself. This, as 
^'» Iho other similar processes we have studied, is an 
'^^•nnple of simple synthesis, consisting in the union 
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rf tie carbon atoms with oxygen. Aa to tbe nature 
rf tlie prodnct formed, a single experiment will give 
jonall the information jon desire. 

After removing tbe deflagrating spoon with tho 
Isadne of the charcoal lamps from the first of the 
tiro jars, I will ask yon to notice the fact that the 
•Imoapbere within remains as transparent as before. 
The eye can detect no evidence of change, yet all the 
l^ircoal that has disappeared has been taken up by 
Ihie atmosphere, and, could we readily weigh the mass 
ri gSB, I. could show you that the weight had been in- 
OTased by the exact weight of tbe coal absorbed. In- 
itti3, the density has been so greatly enhanced that I 
On pour tbe gas from one vessel to another very much 
*< I would water. Let me ponr some of it from the 
ft into a tall glass half filled already with lime-water. 
■ ■ . It looks like child's-play ; but the transfer has 
wen made, and now, on shaking the gas and lime- 
wster together, tbe litjuid becomes milky. 

Tou at ones recognize the prodnct : chalk has been 
wmed in the lime-water, and tbe gas left after tho 
MTning ceased in the jar must be the same carbonic 
^xide we have previously studied. We made the 
MaljBis of this aeriform substance in a previous lect- 
•"fl) and we have now made tbe synthesis. See how 
"fflpiy we express tbe reaction : 



A fact is indicated by this reaction, which we must 
lot overlook. The volume of tho carbonic dioxide 
(Co,) obtained is exactly equal to the vohime of the 
"^vgen gas (0^0) employed. In this experiment we 
""fid a jarful of oxygen and we obtained a jarful of 
'^rbonic dioxide. Tbe material of the burnt charcoal 
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is taken up into the gas atom by atom, actually ab- 
sorbed by it as a sponge absorbs water. Every mole- 
cule of oxygen which strikes against the charcoal flies 
off with an atom of carbon^ forming with it the mole- 
cule of carbonic dioxide which, of course, occupies the 
same space as the previous molecule of oxygen gas. 
Hence it is that the vast amount of carbon ^vhich is 
being constantly absorbed by the atmosphere, as it 
jmsses through our grates and furnaces, does not alter 
its volume. Would that I might impress this re- 
markable feet on your imagination ! Consider how 
much coal is being burnt every day in a city like this— 
hundreds and hundreds of tons! Conceive of what a 
mass it would make, more than filling this large hall 
from floor to ceiling, and yet in our city alone this 
enormous black mass is in twenty-four hours absorbed 
by the transparent air, picked up and carried away 
bodily, atom by atom, by the oxygen -molecules. 

Turn now to the energy developed in this process. 
Our diagram indicates that the amount of energy de- 
veloped by the burning of a pound of coal is very 
mucli less than that obtained with a pound of hydro- 
gen. But then it must be remembered how attenuated 
liydrogen gas is ; if, instead of comparing equal weigWs, 
we compare equal volumes, we shall find that the differ* 
eiice 18 vastly in favor of carbon. 

Most of the combustible materials, however, which 
we use as fuel, consist of both hydrogen and carbon; 
but the ])lienomena we have studied in the burning of 
tlio olenientary substances reappear with these familiar 
conibustibles, and, in regard to them, there are only a 
fow special points to be noticed. On many of these 
t^ubstances, such as na]ihtha, paraflSne, stearine, wax, oil, 
^nd the like, the efiect of the heat is to generate illu- 
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[ni-iiating gas, which is the source of most of our arti- 
ficial light. In our cities and largo towns the gas is 
made for us by a special process, but it must be remem- 
bered that every lamp aud candle is a small gas-fac- 
tory. Flame is always burning gas, and the gas 
wliieh we bum in our lamps and candles is very similar 
to lliat supplied by the Boston Gas Company : the only 
difference is that the gas, instead of being made from 
bituininouB coal, is made from petroleum or wax, and, 
instead of being made at tlie"North End" and dis- 
tributed through pipes to distant burnei-s, is bm-nt as 
fast as it is made. The heat generated by the bmTiing 
gas is 80 great that it volatilizes tbe oil or wax fast 
CQongh to supply the flame, and then the mechanism 
of the wick comes into play to keep the parts of these 
istural gdl machines in perfect running order. In- 
deed, a common candle, simple as it appears to be, ia 
1 most wonderful apparatus, and I should be glad to 
*!ciipy the whole hour in explaining the adaptation of 
'tB parts ; but I have only time ft>r a few illustrations, 
*hicli show that in these luminous flames, as in the 
**1ier eases of combustion we have studied, the light 
•^Qiea from incandescent solid particles; 

Of the two coiiBtituents of the combustible gas 
wiieh forms tbe flame, hydrogen is the most combusti- 
°^^, and under ordinary conditions is the first to bum, 
setting free, for a moment, the accompanying carbon in 
"leform of a fine soot which fills the light-giving cone, 
^liis dust is at once intensely heated, and each glowing 
PSfticlo becomes a centre of radiation, throwing out its 
laminous pulsations in every direction. The sparks 
lust, however, but an instant, for the next moment the 
'*Wcoal is itself consumed by the fierce oxygen, now 
*oi«ed to full activity, and only a transpareut gas rises 
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from the flame. But the same process contmnes ; other 
particles succeed, which become ignited in their tuni, 
and hence, although the sparks are evanescent, the light 
is continuous. 

I might illustrate this theory by the familiar fact that 
soot is at once emitted from all these luminous flames, 
whenever the draft becomes so far interrupted that it 
does not supply suflicient oxygen to bum completely 
the carbon particles ; but a still more striking illustration | 
is furnished by the simple contrivance we employ in the I 
laboratory for preventing the deposition of this soot on 
tlie heating surfaces of our chemical vessels. We use 
for this purpose a gas-burner invented by Prof. Bunsen, 
of Heidelberg, and known by his name, in which air is 
mixed with the hydrocarbon gas before it is burnt. 
But this air, while it prevents the formation of soot, 
at the same time destroys the illuminating power of the 
flame. The molecules ot the hydrocarbon gas being 
now in near proximity to the molecules of oxygen re- 
quired for complete combustion, the difference of af* 
finity of oxygen for the carbon and hydrogen atoms 
does not come into play. There is enough oxygen for 
all, and the result is that no carbon-particles are set 
free in the flame. Wo have no soot, and therefore no 
light. 

In this Bunsen lamp the size of the apertures, by 
which the air enters at the base of the burner, may be 
regulated by a valve, and you notice that on closing 
this valve the flame at once becomes luminous. Open 
it again so that the gas shall mix with air before burn- 
ing, and the energy no longer takes the form of hght. 
See, nevertheless, how brightly the flame ignites this 
coil of platinum wire, showing that there is no want 
of energy, only it now appears wholly as heat. 



I The fUme of a wood or soft-coal tire 13 also a gn&- { 
I Same. The first effect of heat ou tliese bodies is to 
gnierate iUamioatiiig gas, and to thie circuniBtaoce, as 
in tLe case of tbe candle, the fiame is due, but alter a 
wMie ail the hydrogen is driven off, and we have then, 
in the glowing embers, the flanieless combustion of ' 
earbon. 

The chemical change whiei takes place in the burn- 
ing of hydrocarbon fuels is in no way afiected by the 
cirenmBtauce that the hydrogen and earbon arc in 
chemical union. All the hydrogen -atoms bum to 
wster, and ail the carbon-atoms to carbonic dioxide, 
and these products can be detected in the smoke of 
everr flame ; indeed, with a few unimportant excep* 
tioBs, they are the sole products of the combnstion. 

Take, for example, this candle-flame. On holding 
wver it a cold bell-glasa the glass soon becomes be- 
dewed, and, before long, drops of water begin to trickle 
down the sides ; and now, on inverting the bell, and 
; np in it some lime-water, the milky appear- 
((.■which the clear solution immediately assumes, 
eatea the presence of carbonic dioxide, 
"if course, all the material of the candle passes into 
i colorless and insensible aeriibmi products which 
i with the atmosphere, and this absorption of 
OBtible material into the atmosphere, this melting 
I, solid masses of coal and wood into thin air, has 
a appearance of annihilation that it requires all 
fepower of the reason, aided by experiment, to cor- 
^t the false impression of the senses. Yet nothing 
I* easier than to show that the smoke, colorless and 
•"BeneibSe as it is, ■ weighs more than the material 
ounit, and, although the experiment must bo familiar 
^ many of my audience, I will repeat it, because it 
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m.iy aid Bome to clearer views of this all-importsnt . 

BIlbJGCt. 

Let me call your attention, then, to this candle j 
wliicl), in a candlestick of peculiar constracUon, it ' 

hanging equipoised from one end of the 
b^ _ beam of this balance (Fig. 30). Ton ■ 

know that both aqueous vapor and m- 
boDic dioxide are eagerly absorbed by 
I caustic eoda, and this apparatus is bo u- 
rangcd that the smoke of the candle ii 
sacked through two glass tubes filled 
with thia absorbent materiaL You no- 
tice that my balance is in equilibrium) 
and I will now light the candle under itt 
^^- *•■ tin chimney. The products of the ctan- 
bastion rise to the top of the chininej, 
which is closed excepting two small apertures, tlirongli 
which the smoke is sucked into the glass tubes contsin- 
iiii: the caiistie soda. Now you must picture to yow 
selves the iiiiileculce of oxygen of our atmosphere rusliing 
in on this candle-flame from every side, each one seizing 
its atom of carbon, or its four atoms of hydrogen, ae tiio 
else may be. You must, then, follow the molecules of 
carbonic dioxide and water thns formed, as thejir^ 
caught up by the current of air — which our aspiraf' 
draws through the apparatus — and hurried into tte 
glass tubes, where they are seized upon and lield ftst 
by the caustic soda. All the smoke of the candle beiuit 
thus retained, it is evident that, if the process is as 1 
have described it, we should expect that the apparatus 
would increase in weight as the candle burns, while, on 
the other hand, were any part of the material lost, there 
■^vould be a corresponding diminution in weight. And 
■We not only find that the weight increases, aa the bal- 
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tons one hnndred feet, or 732,000,000 pounds one fQOt 
I said, if wholly utilized, for, although we are able to 
make use of the whole energy in the form of heat, we 
have not yet succeeded in applying more than about 
one-twentieth of it to mechanical work. But still the 
energy exists stored up for use in every foot of wood or 
coal, and is ready to be set free when the fuel is burnt. 

When standing before a grand conflagration, wit- 
nessing the display of mighty energies there in action, 
and seeing the elements rushing into combination with 
a force which no human energy can withstand, does it 
seem as if any power could undo that work of destmo- 
tion, and rebuild those beams and rafters which are 
melting into air ? Yet, in a few years thay will be re- 
built. This mighty force will be overcome ; not, how- 
ever, as we might expect, amid the convulsions of Na- 
ture or the clashing of the elements, but silently in a 
delicate leaf waving in the sunshine. As I have al- 
ready explained, the sun's rays are the Ithuriel wand, 
which exerts the mighty power, and under the direction 
of that unerring Architect, whom all true science rec- 
ognizes, the woody structure will be rebuilt, and fresh 
energy stored away to be used or wasted in some future 
conflagration. 

My friends, this is no theory, but sober, well-cBtab- 
lished fact. How the energy comes and how it is stored 
away, we attempt to explain by our theories. Let these 
pass. They may be true, they may be mere fancies ; 
but, that the energy comes, that it is stored away, and 
that it docs reappear, are as much facts as any phe- 
nomena which the sun's rays illuminate. I know of no 
facts in the whole realm of Nature more wonderful 
than these, and I return to them in the annual round 
^f niy instruction with increasing wonder ^nd admira- 
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€ion, amazed at the apparent inefficiency of the means, 
and the stapendons magnitude of the reenlt. In an- 
other course of lectures in this place I endeavored to 
ahowwhat weighty evidence these facts give in snp]x>rt 
of the argument that all the details have been arranged 
ly an intelligent Designer.* The plan of this course 
<loe8 not give me time to do more than allude to this 
Jomt, and I only refer to it here to ask for the argu- 
ment your own careful consideration. 

There is still another point, in connection with this 
Btthject, to which also I can only barely allude. The 
crnst of our globe consists almost wholly of burnt ma- 
terial. Our granite, sandstone, and limestone rocks, 
are' the cinders of the great primeval fire, and the at- 
mosphere of oxygen the residue left after the general 
conflagration — ^left because there was nothing more to 
burn. Whatever of combustible material, wood, coal, 
w metal, now exists on the surface of the earth, has 
W recovered from the wreck of the first conflagration 
by the action of the sun's rays. One-half of all known 
Diaterial consists of oxygen, and, on the surface of the 
globe, combination with oxygen is the only state of 
^t. In the process of v^etable growth, the sun's 
^ys have the power of freeing from this combination 
bydrogen and carbon atoms, and from these are formed 
^be numberless substances of which both the vegetable 
*^d animal organisms consist. From the material of 
tbese organisms we make charcoal, and Nature makes 
ber coal-beds, and supplies her petroleum-wells. More- 
over, with these same materials, man has been able to 
separate the useful metals from their ores, and, by the aid 

' " Religion and Chemistry ; or, Proofs of God's Plan in the Atmos- 
phere and its Elements," ten lectures by Josiah P. Cooke, Jr , published 
hj Charles Scribner. New York, 1864. 
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of various chemical processes, to isolate the other de- 
mentary sabstances from their native compounds; but 
the efficiency of all these processes depends on em- 
l>Ioying the energy which the sun's rays impart to the 
carbon and hydrogen atoms to do work. A careM . 
analysis of the conditions will show that it is just as 
tnily the sun's energy which parts the iron from its 
combination in the ore, as it is solar power which parts ' 
the carbon from the carbonic dioxide in the leaf. We 
have here, however, but a single example of a general 
truth. All terrestrial energy comes from the sun, and 
every manifestation of power on the earth can be 
traced directly back to his energizing and life-giving 
rays. The force with which oxygen tends to unite with 
the other elements may be regarded as a spring, which 
the sun's rays have the power to bend. In bending 
this spring they do a certain amount of work, and, 
when, in the process of combustion, the spring flies 
back, the energy reappears. Moreover, the instability 
of all organized forms is but a phase of the same action, 
and the various processes of decay, ^ith the accompa- 
nying phenomenon of death, are simply the recoiling 
of the same bent spring. Amid all these varied phe- 
nomena, the one element which reappears in all, and 
frequently wholly engrosses our attention, is energy j 
and, if I have succeeded in fixing your attention on this 
point, my great object in this lecture has been gained. 
In the early part of this course, I stated that all modern 
chemistry rests on the great truth that Matter is inde- 
structible, AND IS MEASURED BY WEIGHT. This evcniug 

wc have seen glimpses of another great central truth, 
which, although more recently discovered, is not less 
fiir-reacliing or important, namely, Energy is inde- 
structible, AND IS MEASURED BY WORK. Add tO theSC 
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WO a third, namely — Intelligenob is indestrucitble, 
ND IS MEASURED BY AJ)APTATioN — and you Iiave, as it 
3em8 to me, the three great manifestations of Na- 
ire : Matter, Energy, and Intelligence. These great 
uths explain and supplement each other. Give to 
ich its due weight m your philosophy, and you will 
^oid the extremes of idealism on the one side, and of 
laterialism on the other. 



1 



LECTURE X. 

GUNPOWDER AND NITRO-GLYCEEINE. 

There is one further point in connection with the 
theory pf combustion to which I wish to call your at- 
tention, at the outset of my lecture this evening. In 
the only cases of burning we have studied, the combus- 
tible unites with the oxygen of the atmosphere. It ^ 
possible, however, to have combustion vnthout atmos- 
pheric air, the combustible obtaining the required 
oxygen from some associated substance. There are 
several substances in which a large amount of oxygen 
is so loosely combined, or, in other words^ in which the 
oxygen-atoms are held in combination by such a fee' 
ble force, that they will furnish oxygen to the combus- 
tible as readily as the atmosphere, and in a vastly more 
concentrated form. Two of these substances are well, 
known, nitre (potassic nitrate) and chlorate of potash 
(potassic chlorate). One ounce of this last salt — ^the 
quantity in this small crucible — contains enough oxyger 
to fill a large jar (1.7 gallon), and by simply heatinf 
tlie salt we should obtain that amount of oxygen gas 
We have provided also one-third of an ounce of pul 
verized sugar, and we will now mix the two powder 
thoroughly together. Consider the conditions in thi 



mixtnre: The sugar is a combuBtible substance, and 
every particle of this combustible is in contact with, or, 
I should rather say, in close proximity to, grains of 
chlorate of potassa, which contain sufficient oxygen to 
bum the whole. All is now quiescent, because both 
materials, being in the solid condition, their molecules 
are, as it were, imprisoned, and a certain degree of mo- 
lecular activity is required to produce chemical change. 
This molecular activity we can readily excite by heat, 
but a more convenient, although less intelligible way, 
18 to touch the mixture with a drop of sulphuric acid. 

Here we have not merely a pretty firework, but an 

experiment which illustrates a very important phase of 

the phenomena of combustion, and one of immense 

practical value. I have chosen this particular example 

because you are familiar with both of the materials 

employed. You have seen that sugar contains a large 

amount of combustible carbon. You also know that 

potassic chlorate contains a large volume of oxygen, 

^bich can readily be driven off by heat ; for you have 

^611 me make oxygen from this very salt. You can, 

^berefore, fiilly appreciate the conditions we had in our 

^^^cible at the beginning of the experiment, namely, a 

^^bustible with the oxygen required to burn it in close 

Proximity. You will be prepared, then, to understand — 

^' That the burning we have just witnessed does not dif- 

^^f from ordinary burning, except in the single point I 

'^ve mentioned ; that the combustible derives its oxygen 

from potassic chlorate, instead of from the air ; and, 2. 

^bat it is possible to inclose in a confined space, as a 

^n-barrel or a bomb, all the conditions of combustion. 

In a word this experiment illustrates the simple theory 

of gunpowder. 

What, then, is gunpowder I Essentially a mixture 
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of two snbfitaDccs — saltpetre and charcoal, withmeKlj 
a Binall amount of sulphur added to fjEtcilitatetheldBr 
dling of the charcoal. In the mann&ctiire o{ tUi 
explosive agent, as is well known, the materialB an 
first reduced to a very fine powder, and then inti* 
uintely mixed together. Afterward, by great preesme} 
the mass is compacted to a firm, hard cake, which is 
subsecjuently broken up into grains of different sizefli 
adapted to various uses. Here we have some samples 
of these grains, varying from the size of a walnut to 
that of a millet-seed. These black grains, although 
they apjiear so homogeneous, are, in fiict, a very inti- 
mate mixture of a combustible material (charcoal and 
a little sulphur) with a substance rich in oxygen (salt- 
petre), and, when we ignite the powder, the charcoal 
buri)s at the cxpeuse of the oxygen of the saltpetre. 
Two parallel experiments will make the whole matter 
clear. 

In this jar we have about one gallon (100 grains) 
of pure oxygen, enough to combine with 37i grains of 
charcoal. This quantity of charcoal we will place in a 
copper spoon, and, having ignited the coal, we will 
])liinore it into the jar of oxygen. We have at once a 
brilliant combustion, and a repetition of the experi- 
ment which you Avitnessed at the last lecture. ^^ 
then learned that the process consists in the union of 
the oxygen with the carbon, and that each molecule of 
oxygen gas actually picks up an atom of carbon to for^a 
a molecule of carbonic dioxide. There are, therefore, 
juRt as many molecules in the jar at the close of the ex- 
j)eriinent as at the first, only they now consist ot 
throe atoms, instead of two ; 0=0 has become 0=0=0. 

In the second jar is a cup containing a small quan- 
tity of guni)owder, and so arranged that the powder 
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I exploded by a voltaic battery. As the oxygen- 
required for the burning are lying in the cup 
' side with the charcoal, we do not need the air 
experiment. Accordingly, we have connected 
* with an air-pump, so that we can exhaust the 
. The gauge of the pump now indicates that 
later part of the air has been removed. Notice 
that, when we readmit a little air, the mercury 
I falls, and thus, as you see, this gauge will tell 
jn any gas enters the jar. . . . Having again 
ted the exhaustion, let us fire the powder. . . . 
wder has disappeared ; but the gauge indicates 
large volume of gas has been formed, 
imple test will 'now show that the aeriform prod- 
the two last experiments are identical. Here are 
isses, each filled with lime-water. To one we will 
me of the g«as from the first jar, pouring it in 
ihe lime-water, and to the other we will add 
f the gas from the gunpowder, by pouring as 
On shaking the gas and liquid together, we 
in both cases the familiar milky turbidness 
ndicates the presence of carbonic dioxide. It is 
at the carbonic dioxide from the gunpowder is 
ite so pure as that found in the other jar, but 
in unessential matter. 

dng seen that gunpowder, burnt in a vacuum, 
ly resolved into gas, we will next take an equal 
: of powder and inclose it in a pasteboard case, 
ive call a cartridge, using the same arrangement 
ig the powder as before. We make the connec- 
id off it goes I . . . There can be no occasion, 
, to seek far for the cause of the explosion. The 
al process must have been identical with that in 
; but, while in the jar there was room for all the 



t'-urir;;^ awjiv tie liTef v^'.'.i ir. :Lci7 s::se. "E*pl 
«.volvo-J w.,uM .-■-■'--:: 7- a: Tie ■irilzir^iT^^iKufi'l 
air.aUjiit tlrc-w L-r.:rti: t;=:es :ie 7,".::=^ oitiip*! 
<lt-r u.-kJ, ai..I. if i.-'.ztrx< ':i. :ie srac-e jreT-lo^jiWl 
witli tl:(,- i-.-Aik-r, w-.vaM eitrt i jrtse=rt e::iiiusS»«l 
«"•» ^ U = 4,:; • ' ;u.. ,-,r tir... :,;-- s. .; - a ;.i-^l:ii. 1'' I 
jtrbBsurc >jljtitiiii.-<l Ja rta^ly f^r jrrfcittir tiit liis. M* I 
!■• iiint of lilt litnt <levfi;i.-pei I..t iLe c<::::ln=rl:::. Saw- 1 
"'VtT. as tbt jHj'A'iliT bunis rapEJIv, tLis preaeijeii* 1 
<li.'iilv iii'iiliLfl, and has all tic c-t^'eot ol' ac imi 
IiL.'ivv IjIiiw, \ihk'L no gtreii^h of :::i.JtrLil= U s 
tu u'itlistuud. Of course, anr ciauibtr la wiucbtht 1 
]<iiw<ler ill coufineil givca wav at the weakest [■ 
III tlic Lhaiiibt-r of a gun the ball tijuaUv jicl'ia I*!*"' 
till; bivfcli, aw'i is Lurk-J with violence I'roiu the Eonth I 
of thfe jiiL-rc: but feartul (iccidcnta not nntrei-einlj j 
of-ciir ^r}jf/J, f"]" anv reason, the ball has been tc>o tigbtlj 
«(;ilt";'I, or wlicn the metal of the breech is too weak. 
Voii nil know that a large amount of gas condensw 
into a Miiall chainljcr must exert great pressure, »°^ 
l)i(;rcfui'(! yon will iiiidoiibtedly regard the expiaoation 
I h.'ivf! givi'ii of the force eserted by gnnpowiler s> 
witi.-rii.ti.ry and sufficient. But, nlthnugh this is llie 
i; ij:il way iif iircscntinj; the phenomena, I am ann- 
•ijh Hint you Klioiild view tlicm in the light of out 
loilcni iriolmular thcdrv, which gives to the imagi- 
■ilioii ;i f;ir more vivid picture of the manner in which 
'!■■ |JoM(-r inrls. 

Ili^irin witli tin: black grains as they lie in the cliam- 
r (,r lln; (run liHiind the hall. Vou mnst remember 
il. idl tbi; ingredients of the powder arc In a solid 
'■lilioii, and picture to your ima^nation the mole- 
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.eld in their places by those forces which I 
i to make evident to you in a former lecture, 
d of any motion except a slight oscillation 
le centres of force. The gun is now fired, and 
<rder bums. We need consider but two of the 
iate consequences : first, there is a largo volume 
> formed ; and, secondly, there is a very great 
at of energy developed. Picture to yourselves, 
an immense number of gas -molecules suddenly 
'ee in the chamber of the gun, and animated with 
he velocity which great energy is capable of im- 
ing. See these molecules rushing against the ball 
ii their whole might, and, when at last it starts, im- 
ting to the projectile their moving power, until it 
juires the fearful velocity with which it rushes from 
d mouth of the gun. The molecules impart their 
otion to the baU, just as one billiard-ball imparts mo- 
on to another. The efiect is due to the accumulation 
f small impulses ; for, although the power imparted 
Y a single molecule may be as nothing, the accumu- 
^ted effect of millions on millions of these impulses 
3comes immense. 

/ 
Within a few years our community have become 
miliar with the name and terrible effects of a new ex- 
osive agent, called nitro-glycerine, and I feel sure that 
m will be glad to be made acquainted with the re- 
arkable qualities and relations of this truly wonderful 
bstance. Every one knows that clear, oily, and sweet- 
sting liquid called glycerine, and probably most of 
u have eaten it for honey. But it has a great many 
luable uses, which may reconcile you to its abuse for 
ulterating honey, and it is obtained in large quanti- 
s as a secondary product of the manufacture of soap 
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an-i oandles from our commoa fats, Now, nitro-glycer- 
iae bears the same relation to glycerine that saltpetre 
l«ear? to cauati^* jK»ta?h. Common saltpetre, which is 
the oxyi^?natetJ ingredient uf gmipowder, is called in 
ohomistry j>otas«sic nitrate, and, although the com- 
men.ial supply comes wholly Irom natural sonrcefl^ 
it can easilv be made by the action of nitric add on 
caustic [Hjtash. My assistant will pour some nitric acid 
ititi^ a s*-»lution of caustic potash, and you will soon see 
crystals •.►f saltpetre appear, shooting out fix>m the sideB 
o( the dish, whose image we have projected on the 
screen. In a similar way we can prepare nitro-glyce- 
rine by jx^uring glycerine in a fine stream into very 
strong nitric acid, rendered more active by being mixed 
with sulphuric acid — oil of vitriol. 

We could easily make the experiment, but you could 
see nothing. There is no apparent change, and it is » 
remarkable fact that, when pure, nitro-glycerine re- 
sembles, externally, very closely glycerine itself, and, 
like it, is a colorless, oilv fluid — the reddish-vellow color 
of the commercial article being due to impurities. ^ 
soon as the chemical change is ended, the nitro-glyc^^ 
ine must be verv carefuUv washed with water, until an 
adhering acid has been removed. The material thus 
obtained has most singular qualities, and not the lea^ 
unexpected of these is its stability under ordinary con- 
ditions. After the terrible accidents that have hap- 
pened, it would, perhaps, be rash to say that it did not 
readily explode ; but I can assure you that it is not an 
easy matter to explode pure nitro-glycerine. It is not 
nearly so explosive as gimpowder, and I am told that 
the flame of an ordinary match can be quenched in it 
without danger, although I confess that I should be no- 
willing to try the experiment. Still, there can be ttO 
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loubt that, Tinder ordinary circamstanccs, a Email ilamc 
B^l not ignite it. My knowledge of the matter is <le- 
rived from Professor Hill, of the Torpedo Station at 
Neinrport, who has studied very carefully the preparation 
and application of the material. He is of opinion that 
nest of the accidents which have given to nitro-glycer- 
ine such an imfortnnate notoriety have been caused by 
the use of an impure article, and that proper care in its 
preparation would greatly lessen the danger attending 
its use. Nitro-glycerine is usually exploded, not by 
the direct application of heat, but by a sudden and vio- 
lent concussion, which is obtained by firing in contact 
"With it a fuse of some fulminating powder. The ef- 
fects of this explosion are as peculiar as the method by 
^^hich it is obtained, and I can best illustrate the sub- 
ject by describing an experiment with nitro-glycerine 
^^hicli I witnessed myself at the Torpedo Station a few 
Dionths since. 

It is so inconvenient to handle liquid nitro-glycerine 
that it is now usual to mix it with some inert and im- 
palpable powder, and the names dualine and dynamite 
^ have been given to different mixtures of this kind ; but 
I '11 both of these the powder merely acts as a sponge. 
[ ^ the experiment referred to, a canister holding less 
r ^nan a pound of dynamite, and only a few ounces of 
^itro-glycerine, was placed on the top of a large bowl- 
der-rock, weighing two or three tons. In order that 
you may fully appreciate the conditions, I repeat that 
^tis tin case was simply laid on the top of the bowlder, 
and not confined in any way. The nitro-glycerine was 
then exploded by an appropriate fuse fired from a dis- 
tance by electricity. The report was not louder than 
from a heavy gun, but the rock on which the canister 
lay was broken into a thousand fragments. 
10 
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T:.if eijicrinicut stnkiiigilv ilhistixiefc iiie 
*.-!:.•!- K^i i.:ir^«-^lvc"!eriiie- In ii£eq^ gimjic<irderte| 
l-i.:.r:i:.^ :t ie> z^tx-t^askrr i^ ocizi£zi£ it, bx irbst keiDBl! 
t Ji:-i iLjT. in :Le L«.'k- prejiared for it in therc<^ Sil^ 
NLi uiiu Xiii2\»*^'.v.t:riiie. Tiiis, tLou^ it hut htpt\ 
u}' i!i »:iijill tin Ltartrid^TbE lor eonvenieDce. is plieed i 
x'lic dhll-hi'kr& witLout tAmj'ing of xnx Idnd. SoM 
llxlii:^ tLv Ihiuid itself L:i5 been jonred into the hofal 
iiiiJ iht-n a little water poured on the top is the calf 
means ufvd to c'ontine it. As an agent forblastii^ 
iiitro-irlvivrine is so vastlv superior to gunpowder ftil- 
it lllu^t be repinled as one of the most TalnaUe di^ 
cuvt'rii'S of our age. Already it is enabling men lo 
cjK'ii tracks for tlieir iron roads through moantiiD- -] 
hnrrit'rs which, a few vears ago, it wonid hare beea 
thiai^ht iinpnicticablc to pierce, and, although itsintiD- 
diictioii lias been attended with such terrible aoddeni^ 
1 1 lose l*i*st acijuainted with the material beliere tbtti 
with proper care in its manufacture, and proper prec«B- 
tiniirt in itri use, it can be made as Siife as or even safer 
than ^iinpiiwder, and the Government can do no bet- 
ter K?rvice towanl developing the resources of the conB- 
try tlian by carrj'ing forward the experiments it to 
inKtitutcd at the Torpctlo Station at Newport, until a^ 
the conditions rcijuired for the safe manufacture and 
Uhc of this vahiablo agent are known, and, when this 
result irt reached, inii>osing on the manutiacturers, deal- 
ers, and carriers, such restrictions as the public safety 
re(|uirert. Of course, we cannot expect, thus, to prevent 
all accidcMits. Great power in the hands of ignorant 
or careleHH men implies great danger. Sleepless \ngi' 
lance is the condition under which we wield all the 
^?reat povverH of modern civilization, and we cannot 
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«pect that the power of nitroglycerine will be any ex- 
eeption to the general rule.' 

Bat, while Aitro-gljcerine has Buch great rending 
fower, it has no value whatever as a projectile agent. 
■£ipIoded in the chamber of a gun, it would burst the 
beech before it started the baU. Indeed, there is a 
great popular misapprehension in regard to the limit 
tf the projectile power of gunpowder, and inventors 
Ire constantly looking for more powerful projectile 
jgents as the means of obtaining increased effects. 
&t a study of the mechanical conditions of projec- 
tion will show not only that gunpowder is most admi- 
nbly adapted to this use, but also that its capabilities 
&r exceed the strength of any known material, and the 
itudent will soon be convinced that what is wanted is 
not stronger powder, but stronger guns. I do not 
n^oan to say that we cannot conceive of a better pow- 
der than that now in use, but merely that its short- 
coming is not want of strength. 

Having described the properties of nitro-glycerine, 
the question at once arises, " Can these singular proper- 
fe be explained ? " In order to answer this question 
I shall next ask your attention to the theory of its ac- 
f% and I think you will find that our modem chem- 
^trjr is able to give a very intelligible account of the 
phenomena we have described. I will begin by saying 
ttat the chemical action in the explosion of nitro-^ly- 
cerine is very similar to that in the burning of gun- 
powder. In both cases we have the same two results : 
i. The production of a large volume of gas ; 2. The 

* The recent improvements in the manufacture of gun cotton, and the 
liiscovery that, even when too wet to bum, it can be exploded by con- 
cussion if the fuse is sufficiently powerful, promise to furnish an cxplo- 
'ive agent nearly equal to nitro-glycerinc in strength, and free from all 
ordinary risks. 
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lil^eration of a large amount of energy vliich^ve 
the coutined gas-molecules an immense moving V^^ 
Moreover, essentially the same aeriform products 
formed in the two cases, and in both the process \ 
sists, for the most part, in the union of carbon 
hydrogen atoms with oxygen. But, while in the ^ 
)H)wder the carbon and oxygen atoms are in diffei 
molecules, although lying side by side in the b£ 
grains, in the nitro-glycerine they are in different pi 
of the same molecule. And here comes our fi 
glimpse of the most recondite chemical principle t 
science has yet attained, one which I have been aimii 
to reach throughout this whole course of lectures, ai 
one which it will be my object in the three remainin, 
lectures clearly to set beibre you. I can, as yet, onl] 
state tlie principle as a theorem to be proved ; but, if 1 
can succeed in making this difficult subject dear, I fed 
confident that you will regard the proof as satiBfactory* 
The principle is this : 

Every molecule has a definite structure. It not 
only consists of a definite kind and a definite number 
of atoms, but these atoms are arranged or grouped 
together in a definite order, and it is the great object 
of modem chemistry to discover what that gronpinfiJ 
is. Almost all the great chemists of the world are, at 
this moment, engaged in investigating this very prob- 
lem, and, whnt is more, they have succeeded, in many 
cases, in solving it, and we have reached as much cer 
tainty in regard to the grouping of the atoms in tbc 
molecules of a very large number of substances, as wc 
have in regard to any phenomena so wholly super-sen 
sible. For example, we feel well assured that we knov 
how the atoms are grouped in the molecule of nitro 
glycerine, and the diagram before you represents ii 
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H 
H-C-O-N-0 O H H H O 

H-0-O-N<^ N-0-0-6-6-0-N 

H-O-O-N-0 O H O H O 

f I i 

H 0-N-O 

(MerofAtomsintbeMoleeiile Same Order, Imt different rocin of 

ofNitro-giyoerine. BymboL 

' rude way the result we have reached. The let- 
I signify single atoms, and the lines between the 
ers merely show how the atoms are severally 
:ed. Begin with the three atoms of carbon, which 
united together, say, by a certain force, which the 
s denote. To these are directly united five atoms 
lydrogen, and then to each of the carbon-atoms is 

bound the atomic group — 0-N(q, the four atoms 

ie group having a definite arrangement among 
Qselves. There is no virtue in the mere form of 
arrangement of the letters on the diagram. It is 
3ctly possible that the atoms may be arranged so 
) form regular geometrical figures, such as some 
rists have amused themselves in constructing ; but 
io not pretend to have any accurate knowledge on 
point. All we affirm is, that the atoms are united, 
with another, in the order I have indicated, and 
second diagram, in which the several atoms are 
}d as before, although the form of the arrangement 
fferent, means, to the chemist, precisely the same 
r as the first. 

Tow, as I said, I present to you this diagram of the 
:itution of a molecule of nitro-glycerine simply as 
3orera to be proved. As it hangs before you, I 
no doubt that it will shake your faith in the credi- 
r of the scientific investigators who bring forward 
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this as the sober oonclasion at which ihey have wn™' ^ 
Indeed, when I first saw these attempts to lepwaflir^ 
the grouping of atoms, they appeared to metolwu* 
vagaries of a diseased scientific imagination; foi, US'* 
member, this molecule, whose structure is here Y^^ 
trayed, cannot be larger than the yy ,ooVooo of aninA* 
But, as the evidence pressed upon me, I reluctoni^ 
examined it Finding that it could not be gainsaid,! 
was forced to accept the conclusion, and soon I foiun 
myself busy at the same work myself. Now, I ob^ 
ask you to accept this diagram as a theorem to be 
proved, and, assuming it for the time to represent, 
although very rudely, a real truth, see how fully it ex- 
plains the properties of nitro-glycerine. Indeed, the 
facts already before us furnish the strongest evidence 
possible of the general truth of the principle I have 
asked you to assume ; for, if you accept the principles I 
have previously endeavored to establish, and once ad- 
mit that there are such things as molecules and atoms, 
the properties of nitro-glycerine will force you to admit 
that its molecules have a definite structure. See how 
the case stands. 

Nitro-glycerine has been analyzed, and, unless the 
principles of our modern chemistry are all wrong, its 
molecules have the composition indicated by the sym- 
bol C3H5N3O9. Note that there are already in the mole- 
cule nine atoms of oxygen, more than enough to satisfy 
all the atoms, both of carbon and of hydrogen. When 
carbon bums, C3 only takes Oe, H5 only O21, and why is 
not the aflSnity of these atoms for oxygen satisfied al- 
ready ? The only answer that can be suggested is, be- 
cause the oxygen-atoms, although parts of the same 
^noleeule, are not in combination with the carbon or 
bydrogen atoms in those molecules ; and what is this 
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In gunpowder the grains of charcoal and nitie, 
althougli very small, have a sensible magnitude, and 
consist each of many thousand if not of many million 
molecules. The chemical union of the oxygen of the 
nitre with the carbon-atoms of the charcoal can take 
place only on the suriace of charcoal-grains ; the first 
layer of molecules must be consumed before the second 
can be reached, and so on. Hence the process, although 
very rapid, must take a sensible time. In the nitro- 
glycerine, on the other hand, the two sets of atoms, so 
far from being in different grains, are in one and the 
same molecule, and the internal combustion is essen- 
tially instantaneous. Now, this element of time will 
explain a great part of the difference in the effect of 
the two explosions, but a part is also due to the &ct 
that nitro-glycerine yields fully nine hundred times its 
volume of gas, while with gunpowder the volume is 
only about three hundred tunes that of the solid grains. 
There is a further difference in favor of the nitro-gly- 
cerine in the amount of energy liberated, but this we 
will leave out of account, although it is worthy of 
notice that energy may be developed by internal mo- 
lecular combustion as well as in the ordinary processes 
of burning. 

The conditions, then, are these : With gunpowder 
we have a volume of gas, which would normally occupy 
a space three hundred times as great as the grains 
used, liberated rapidly, but still in a perceptible inter- 
val. With nitro-glycerine a volume of gas, nine hun- 
dred times that of the liquid used, is set free, all but 
instantaneously. Now, in order to appreciate the 
difference of eflfect which would follow this difference 
of condition, you must remember that all our experi- 
ments are made in air, and that this air presses with an 
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enonnouB weight on every eurface. K a volume of 
gag is suddenly liberated, it must lit't this whole weight, 
wliieh, therefore, acts as so much tamping material. 
This weight, moreover, cannot be lifted without the 
expenditure of a large amount of work. Let UB make 
a rough estimate of the amount in the case of nitro- 
gljcerine. We will assume that in the experiment at 
Newport the quantity exploded yielded a cubic yard 
of gas. Had the air given way, instead of the rock, 
the liberation of this volume of gas must have lifted 
the pressure on one square yard (about nine tons) 
one jRvd high, an amount of work which, usinj^ these 
large units, wc will call nine yard-tons or about 60,000 
foot-pounds. Moreover, this work must have been 
done during the excessively brief duration of the explo- 
sion, and, it being less work to split the rock, it was 
the rock that yielded, and not the atmosphere. Cora- 
psfe, How, the case of gunpowder. The same weight of 
powder would yield only about one-third of the volume 
**' gSB, and would, therefore, raise the same weight to 
™iy one-third of the height ; doing, therefore, but one- 
tliifd of the amount of work, say 20,000 foot-pounds. 
-Moreover, the duration of the explosion being at least 
one hundred times longer than before, the work to be 
<tone in lifting the atmosphere during the same ex- 
<^i]|gly short interval would be only ^h of 20,000 
foot-pounds, or 300 foot-pounds, and, under these cir- 
cumstances, you can conceive that it might be easier 
to lift the air than to break the rock. 

If there are some who have not followed me through 

"UB simple calculation, they may, perhaps, be able to 

■^cii clear views upon the subject by looking at the 

phenomena in a somewhat diiFerent way. It can readi- 

^^Uie Been that the sudden development f>i thia largp 
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volume of gas, which becomes at once a part of tlie at- 
mosphere, would be equivalent to a blow by the atmofr 
phere against the rock ; or, what would be a more ac- 
curate representation of the phenomenon, since the air 
is the larger mass, and acts as the anvil, a blow by the 
rock against the air. It may seem very singular that 
our atmosphere can act as an anvil, against which a 
rock can be split, and yet it is so, and, if the blow has 
velocity enough, the atmosphere presents as effective » 
resistance as would a granite ledge. The following 
consideration will, I think, convince you that this is 
the case : I have here a light wooden surface, say, one 
yard square ; the pressure of the air against the Burfeoe 
is equal, as I just stated, to about nine tons ; but the 
air presses equally on both sides, and the molecules 
have such great mobility that, when we move the sur* 
face slowly, they readily give way, and we encounter 
but little resistance. If, however, we push it rapidW 
forward, the resistance greatly increases, for the ai^' 
molecules must have time to change their position, ai> 
we encounter them in their passage. If, now, we i^^^a 
crease the velocity of the motion to the highest spee^Tg 
ever attained by a locomotive — say, one and one-fift^^ 
mile per minute — ^we should encounter still more par^^ 
tides, and find a resistance which no human muscle^ 
could overcome. Increase that velocity ten times, to' 
twelve miles a minute, the velocity of sound, and the 
air would oppose such a resistance that our wooden 
board would be shivered into splinters. Multiply again 
the velocity ten times, and not even a plate of boiler- 
iron could withstand the resistance. Multiply the ve- 
locity once more by ten, and we should reach the ve- 
locity of the earth in its orbit, about 1,200 miles a 
iiainute, and, to a body moving with this velocity, the 



H BISTOEY OF THE THEOKT OF COUBUSTlOy. 227 

wmpiratively dense air at tte Bnrface of tlie 'earth 
viiii!il present an almost impenetrable barrier, against 
vhieh the firmest rocks might be broken to fragments. 
Indeed, this effect has been several times seen, when 
meteurie masses, moving with these planetary velocities, 
p6netrate our atmosphere. The exploeions whiub havo 
been witnessed are simply the efl'ect of the concussioR 
sgiimst the aeriform anvil at a point where the atums- 
pliere is far less dense than it is here. So, in the case 
of ihe nitro-glycerine, the rock strikes the fltnioepUerc 
villi such a velocity that it has the etfect of a solid mass, 
Md the rock is shivered by the blow. 

In conclading my illustrations of the theory of com- 
buetion, a few words in regard to its history will not 
M out of place. We owe this theory to the great 
Freiieli chemist Lavoisier, who was murdered by the 
French communists during the reign of terror which. 
*«»mpanied the first French Eevolution. The theory 
^ine almost perfect from Lis hands, and caused a revo- 
Intion in the science of chemistry. Some would even 
'^le the beginning of scientific chemistry at this epooh. 

In this connection, there is a recent Incident which 
toinsingly illustrates, not only the importance of tlie- 
"Ti but also tbe.not unfrequent contrast between the 
fteoriiing and investigating mind — the scientific poot 
*ld the scientific philosopher. About three years since, 
PfoioBsor Wurtz, of Paris, to whom modern chemistry 
^^^ as much as to any individual man, an Alsatian by 
birth, a German by descent and in many of his traits of 
■"'iii, hut a genuine Frenchman in sympathy and spirit, 
published a work on the history of modeni chemical the- 
"fies, which opens with this amusing and characteristie 
Ji'rench panegyric: "Chemistry is a French science. 
't was founded by Lavoisier, of immortal memory ; " 
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ud the author goes on U} make good bis claim that a 
large part of the great generalizations in the Bcience 
have Ixien made by Kremjimcii. This unmeasured as- 
sumption, coming, as it did, on the eve ol' the Franco- 
Prussian War, was the occasion of no little bitteruesB, 
and was answered in very much the same spirit in 
which it was uttered. The old controversies were re- 
vived, and the old arguments repeated, proving, what 
was undoubtedly true, that Lavoisier did not add a 
now fact of prime importance to chemistry. Bnt he 
did add one of the grandest generalizations. Lavoisier 
was not a chemical investigator in our modem sense, 
but he tiad, to a very higli degree, that quality of mind 
which the Frenchmen call darie, and the great good 
fortune — if you please so to s^le the opportunities of 
genius — to advance his theory of combustion at the 
time the discoveries of Priestley, Cavendish, Black, and 
Scheele, had prepared the world to receive it. His 
contemporary, Scheele, a poor apothecary in an out-of- 
the-way village of Sweden, had done more than any 
one else to supply the facta which made the theory 
credible ; hut, not only did ho not see clearly the bear^ 
ing of his facts, but he had not the vantage-groand 
which would have enabled him to impress his ideas on 
his age ; and, although, with his extremely restricted 
means, he added more knowledge to the stock of 
chemical science in a single year than did Lavoisier in 
his lifetime, yet it was Lavoisier, and not Scheele^ 
who made the great generalization which revolutionized 
chemistry. 

It is unnecessary to add that this Franco-Gennan 
controversy was as irrational as it was useless. Both 
Lavoisier and Scheele filled well the place to which they 
were called, and did feithfully the work which Prov^ 
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(ience assigned tLcin in the development of chemical 1 
scieni%, aud it is sheer presumption in any man to &iy I 

tliat one was more important or more honorable than 
the other. 

It is true that chemistry, as a science of exact quaitr- i 
i^m relations, begins with the introduction of the 
l)aiance into the science, and (hat Lavoisier was one of 
the firet to recognize the importance of this instnimeut 
for mvestigating chemical problems. But, from tlie 
beginning of the seventeenth century, chemistry as a 
science of qualitative relations was actively studied at 
ill the great centres of learning in Eui'opc, and was 
illustrated by some of the most learned men of the age. 
For over a century previous to the time of Lavoisier, 
who died in I79i, the doctrines of the science centred. 
around a theory of combustion which is known m his- 
torjasthc phlogiston theory. This theory was first ad- 
Taneedin 1682, by Becher, a German chemist then Uv- 
ing in England, and was worked out into a complete 
BTstem some years later by Stalil. According to this the- 
oiy, the principle of fire is everywhere diffused through- 
out Kature, but enters into the composition of different 
Wiee to a very unequal extent. Combustible sub- 
BUtites are bodies very rich in phlogiston, and bnrning 
wneists in the escape of phlogiston into the atmosphere. 
1 have already referred to this theory, and shown that 
It was in variance with the great principle of the law 
of gravitation, that quantity of matter is proportional 
^ Weight. Still, aa I said before, this principle of 
Newton made its way into chemistry very slowly, and 
'"e theory of Stahl was in complete aceordnnce with 
'^0 philosophy of Aristotle, which, at the time, held 
*n entire snpremacy over the intellectnal world. And 
ffaa the theoiy wholly lalse ? I believe not ; and I am 
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I>er8aadcd that every theory, which gains among think- 
ing men Buch universal acceptance as did this theoiy 
of Stahl, has its element of troth. The men of the 
seventeenth century were not less acute thinkers than 
ourselves, and we must be careful not to judge of their 
ideas from our stand-point. The authors of the theoiy 
never attached to phlogiston the idea of weight whidi 
we necessarily associate with all matter. It was to 
them a principle, an undefined essence, and not matter 
in the sense we understand it. Yague and indefinite 
idea, no doubt, like many of the metaphysical ideas of 
the time, but not absurd. And that it was not absurd 
a single consideration will show. Translate the word 
phlogiston energy^ and in Stahl's work on chemistry 
and physics, of 1731, put energy where he wrote j^to- 
gisto?iy and you will find there the germs of our great 
modem doctrine of conservation of energy — one of 
the noblest products of human thought. It was not 
a mere fanciful speculation which ruled the scientific 
thought of Europe for a century and a half. It was a 
really grand generalization ; but the generalization was 
given to the world clothed in such a material garb that 
it has required two centuries to unwrap the truth. 
Still, the sparkle of the gem was there, and men ioi- 
lowed it until it led them into .a clearer day. It is * 
great error to suppose that the theory of Lavoisier su- 
perseded that of Stahl. It merely added to it. StaW 
clearly saw that the chief characteristic of burning was 
the development of energy, and, although he calle^l 
energy phlogiston, and did not comprehend its real 
essence, he recognized that it was a fundamental prift' 
cii)le of Nature. He did not understand the chemical 
change which takes place in the process, and this Lft' 
voisier discovered. But, both Lavoisier and his fol- 
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lowers, to a great extent, ignored the more important 
phenomenon in magnifying the less, and it is only 
within a few years that the true relations of the two 
have been understood. All honor to these great pio- 
neers of science, and let their experience teach us that, 
in science, as in religion, we see as through a glass 
darkly, and that we must not attach too much impor- 
tance to the forms of thought, which, like all things 
human, are subject to limitations, and liable to change. 
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QUANTIVALKNCE AND METATHESIS AT.iTArTTCfl AND ACID6. 



Before stadying metathesis, the third, as yon will 
remember, of the three classes into which we divided 
chemical reactions, I must ask yonr attention, at the be- 
ginning of my lecture this evening, to a most impoi'tant 
general principle, to which a study of the results of 
analysis and synthesis has led, and which will greatly 
help to elucidate the metathetical processes we have yet 
to investigate. 



HCl 


IlaO 


HaN 


n^o 






NaCl 


UgCU 


SbOl, 


CCI4 


PCU 


1 
CrFe 


HaO 


UgO 


NOOl 


CO, 
COOl, 

OOUa 


POOl, 


CrOs \ 
CrOaOU \ 



The diagram on the curtain before us illustrates th^ 
truth we have to present. The story, indeed, is her^ 
told in our chemical hieroglyphics, but let us try to de- 
cipher them. In attacking our work, let us not fail to 
Remember that these symbols really exhibit the con- 
stitution of the molecules of the definite substances 
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they represent. The Bjmbol H2O, for example, shows 
that a molecule of water consists of two atoms of 
hydrogen and one of oxygen. Bemember that this 
symbol is not the expression of a mere hypothesis, 
but represents the resnlts of actual experiment. In 
a former lecture we have dwelt at length on the evi- 
dence on which it is based. We cannot continually 
retrace our steps ; but be sure that you recall this evi- 
dence, so that we may plant the ladder, on which wo 
shall attempt to climb higher, on firm ground. Now, 
what is true of the symbol of water, is true of all the 
symbols on this diagram. There is not one of them 
in regard to which there is a shade of doubt. Our 
atoms may be mere &ncies, I admit, but, like the mag- 
^tudes we call waves of light, the magnitudes we have 
ineasnred and called atoms must be magnitudes of 
something, however greatly our conceptions in regard 
^ that something may change. Our whole atomic 
theory may pass, the words molecule and atom may be 
'^rgotten ; but it will never cease to be true that the 
^gnitude which we now call a molecule of water con- 
BJsts of two of the magnitudes which, in the year 1872, 
^ere called atoms of hydrogen, and of one of the mag- 
nitudes which were called, at the same period, atoms 
^f oxygen. 

Look, now, at the first line of symbols, and see in 
^hat a remarkable relation the atoms there repre- 
^^ted stand to each other. In a molecule of hydro- 
^^loric-add gas (HCl), one atom of chlorine is united to 
^^e atom of hydrogen. In the molecule of water (H2O) 
^^^ atom of oxygen is united to two of hydrogen. In 
*^® molecule of ammonia gas (NHg) one atom of nitro- 
8®^ 18 united to three atoms of hydrogen, and in tU© 
^^lecule of marsh gas (CH4) the atom of carbon ^ 



234 QCANTITALENCB AND XETATHEBISl 

united to four atoms of hydrogen. It would appear, 
then, that the atoms of chlorine, oxygen, nitrogen, and 
carbon, have different powers of combination, uniting :■ 
re8]>ectively with one, two, three, and foor atoms of - 
hydrogen. In order to assure yourselves that this rela- 
tion is not an iUusion, dependhig on the collocation of ^ 
selected symbols, but results from a definite quality of ; 
the several atoms, examine the symbols of the second 
line, and yon will see that, in a similar way, the atoms 
of sodium (Na), mercury (Hg), antimony (Sb), carbon (C), 
and phosphorus (P), unite respectively with one, two, 
three, four, and five atoms of chlorine. Moreover, on 
comparing the two lines, notice that the atom of chlo- 
rine, which combines with one atom of hydrogen, com- 
bines also with one atom of sodium. Again notice 
that the atom of carbon, which combines with foQf 
atoms of hydrogen, combines also with four atoms of 
chlorine. Further, observe on the third line that the 
atom of mercury, which combines with two atoms of 
chlorine, combines with only one of oxygen ; and that 
the atom of carbon, which combines with either fo^ 
atoms of chlorine or four atoms of hydrogen, combine 
with two atoms of oxygen ; and compare with tbes^ 
facts those first noticed, that the atom of oxygen coi^' 
bines with two atoms of hydrogen, and the atom ^ 
chlorine with but one. 

lielation's so far reaching and so intricate as the^ 
cannot be accidental ; and when you are told that i\> 
examples here given have been selected, on account (?- 
their Bimplicity, from a countless number of instancer- 
in wliich similar relations have been observed, you wiL 
iiot be Batisfied until you find some explanation of the 
cause of these facts. 

The explanation which our modem chemistry gives 
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is this : It IB assttmed that eacli of the elementary atoms 
liasacertaiiidetiQiteuiimher of bonds, and that by these 
alone it can be united to other atoms. If jou wish to 
clothe this abstract idea in a material conception, picture 
thesebonds as so many hooks, or, what is probably nearer 
the truth, regard them as poles like those of a magnet. 
If we have grasped this idea, let tis turn back to our dia- 
gram and we shall find that the relations we had but 
dimly 6een have become clear and mtelligible. The 
hydrogen sodium and chlorine atoms have only one bond 
or pole, and lience, in combining with each other, they 
can only unite in pairs. The oxygen-atom has two 
bonds or poles, and can combine, therefore, with two 
hydrogen-atoms, one at each pole. The mercury-atom 
has also two bonds, and takes, in a similar manner, two 
atoms of chlorine ; but it can only combine with a sin- 
gle atom of oxygen, for the two poles of one just satisfy 
the two poles of the other. Again, the atom of car- 
bon has four bonds, which may be satisfied by either 
lour atoms of hydrogen, or four atoms of chlorine, or 
two atoms of oxygen, or one atom of oxygen and two 
of chlorine, or, lastly, one atom of oxygen and two of 
liyiirogen. Further, the atom of phosphorua has five 
bonds, and holds five atoms of chlorine, or three ate 
of chlorine and one of oxygen. Finally, the chromium 
atom binds six atoms of fluorine, or three of oxygen, or 
^^0 of oxygen and two of chlorine. This quality of the 
fitoffls, which we endeavor to represent to our minds by 
the conception of hooks, bonds, or poles, we call, in ( 
■"odem chemistry, quantivalence, and we use the Latin 
terms univalent, bivalent, trivalent, quadrivalent, quin- 
•puvalent, eexivalent, etc., to designate the atoms which 
'>*ve one, two, three, four, five, six, etc., hooks, bonds, 
Iples, respectivel/. 
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n- -O- -N- -C- 

I 

a- -8- -P- -8i- 

I 

F- -Ca- -8b- -8n- 

I 

K- -Mg- -As- -Ti- 

I 

Ag- -Eg- -B- -Pt- 

I 

I I 

Ag- -Zn- -Aa- -Zr- 

I 

In the above diagram we have classified a few only 
of the more important elementary atoms according to 
their quantivalence, and the diagram also shows bow, 
by a slight addition to oar symbolical notation, we can 
indicate the number of bonds in each case. In writing 
symlKils of molecules, a dash between two letters indi- 
cates the union of two bonds, and one bond or pole on 
each atom is then said to be closed. Two dashes indi- 
cate that two bonds on each atom are closed— and fio 
with a larger number. The next diagram is in par^ 
a repetition of that on page 282, with the exception 

that the bonds are indicated. 

H H 

11-11 ii-o-n n-N-H n-o-n 

CI a 

11-01 01-ng-a ci-sb-ci oi-c-ci 

01 
Ilf? O 01-N-O 0-0-0 

You notice that this idea of quanti valence suggests^ 
^^ Hither, as I sliould say, implies tlie idea that the 
^iolecules have a definite structure. Thus in the mole- 
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cale CH, we conceive that the carbon-atom is united at 
four diatinct points with the four hjdrogcn-atoma. 
There is not an iiidiBcrirainate grouping of the five 
atoms, but a definite arrangement with the carbon- 
atom at the centre of the system. So, also, in COI4, 
which lias the same structure as CHj, determined, as 
before, by the quadrivalence of the nucleus. Passing 
Eoxt to CO, we find an equally deiinite structure, the 
Com' bonds of the same nucleus being satisfled by two 
bivalent atoms of oxygen ; and intermediate in struct- 
ure, between the two molecules last mentioned, we have 
the molecule of phosgene gas, COOlu, and the molecule 
offermic aldehyde, COH,. 

The Bymbola of these molecules indicate an obvious 
binifation to this idea of structure, which must not bo 
overlooked, and which cannot too early bo called to 
your notice. All that we, as yet, feel justified in infer- 
""g from the phenomena we have described, are simply 
the facts that in the molecule CCl,, for example, the 
"tor chlorioe-atoms are united to the carbon-nucleus 
"7 four different bonds, and that in the molecule COj 
"■e two oxygen-atoms are united to the same nucleus, 
Gacli by two bonds. Further than this we assert noth- 
'^S' It may hereafter appear that the different bonds 
"' the carbon-atom have difi^erent values ; or, porbapa, 
•""W a, fixed position, and that there are distinctions of 
"Sit and left, top and bottom, or the like ; but, until wo 
*^ acquainted with phenomena which require assnmp- 
"'>afl of this sort, we may group our symbols around the 
'"'clens of the molecide as we find most convenient, 
PJ''^Wded only we satisfy the condition of quantivalence. 
^''Oa it ia unimportant whether we write 
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i-Hg-OI, or ng(^[; OUC-Cl, ot = 
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'i\f. 



The quantivalence of the atoms, moreover, is by i» 
means an invariable quality ; but this circnmstaneB'' 
docs not in the least obscure the general principle iroi 
have been discussing : because, in the first place, 9Af 
change in the quantivalence of an atom is accompanied 
with a change in all its chemical relations ; and, in tb) 
second place, the change is circumscribed by definite 
limits, which are easily defined. This point will be 
best illustrated by a few examples. 

When in a previous lecture, as an example of s 
synthetical process, we united ammonia gas with hydio^ 
chloric acid, tliere was a change in the quantivalence 
of the nitrogen-atom, from three to five, as will beseea 
on comparing the symbol of the first factor with the ^^ 
sole product of the reaction : 

H H 

I H • 

H H 

AmmoniA Gas. Amnionic Chloride. 

Now, from ammonia gas can be derived a large 
of compounds, in all of which nitrogen is trivalent ; and, 
in like manner, from ammonic chloride can be derived 
another class of compounds, in which nitrogen is qui^' 
quivalent ; but, althougb they all contain the same atoiB 
as a nucleus, the two classes differ from each other as 
widely as if they were composed of different elements- 
A similar fact is true of phosphorus, which forms t^^ 
well-marked chlorides : 

01 01 

I 01 I 

01 -P )P-01 

' a ' 

01 01 

Phosphorous Chloride. Phosphoric Chloride. 

One of the most striking instances of the variation 
of quantivalence is to be found in the atom of man- 
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. This elementary BubBtance forms no lesB than 

impounds with fluorine, whose molecules have 

►ly the constitution represented by the symbols 

below : 

F F F 

r-Mn-F F-Mn-F F-Mn-Mn-F 

F F F 

F F 

F-Mn-F 

F F 

I the first, the manganese-atom is bivalent ; in the 
d and third it is quadrivalent ; and in the last, 
alent. The third molecule, it will be noticed, 
.ins two quadrivalent atoms of manganese, united 
single bond, and the two together form a complex 
ms, which is sexivalent. Here, as in the previous 
iples, it is true that there is a distinct class of com- 
ids corresponding to each of the four conditions of 
mcleus, and that the difference between the chem- 
relations of the bivalent and those of the sexiva- 
atom of manganese is almost as great as that be- 
3n the atom of zinc and the atom of sulphur. 
The compounds of iron famish a more familiar ex- 
>le of the effect produced by a variation of quantiva- 
e, than either of those which have been adduced, 
re are two classes of these compounds, which are 
inguished in chemistry as the ferrous and the fer- 
iompounds. The first class consists of molecules, 
^hich the nucleus is a bivalent atom of iron, while 
i^olecules of the second class are grouped around a 
'eus, consisting of two quadrivalent atoms united as 
'iUned above. Thus the symbols of ferrous and 
^c chloride are : 
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CI CI 

I I 

FeCl, or a-Fe-Cl, and Fe,CU or 01-Fe-Fe-a ' 



CI a 



Now, I have before me four glasses, which oontaid 
solutions in water of 

FeCIt, FetOU, CaCls NiCIf, ■ 

Fcmwt Chloride, Verrie Chloride, Copric Chloride, and Kidcel Chkiiide; 

and I will add to each glass a portion of a solation of 
a yellow salt, which is well known in commerce, undff 
the name of yellow prussiate of potash, and in chemifti 
try as potassic ferrocyanide. Notice, in the first pboe^ 
what a different effect the reagent produces on the last 
two solutions. From the solution of cupric chloride, 
we obtain a red precipitate, and, from the solution 
of nickel chloride, a white precipitate. Next, we will 
add the same reagent to the solutions of the two com- 
pounds of iron, and, as you see, the difference of effect 
produced is even greater than before. Moreover, if? 
going behind the outward manifestations, you study 
the constitution of the products formed, you will find 
that the variations of color correspond to more fuuda- 
mental differences in the case of the two conditious 
of iron than in that of the two separate elements, cop- 
per and nickel. The result, then, at which we arri^®' 
is this, that, although a fixed quanti valence is not ^^ 
invariable of quality of every atom, it is at least an ^^' 
variable quality of each condition of every given atoi^' 
and that, in every marked class of compounds of at^^ 
elementary substance, the atoms of that element alw^jf ' 
have the same quantivalence. . 

Lastly, as to the limits to which this variation c7^ 
quantivalence may extend. There are several of th^ 
chemical elements, and these among the most impor' 
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ant and most widely distributed, whose qnantivalcnce 
ippears to be invariable. This is especially true of 
hydrogen, it is likewise true of the alkaline metals, lith- 
ium, Bodium, potassium, csesium, and rubidium, and it 
IB alfio true of silver, all elements whose atoms are univa- 
lent It is farther true oTT the trivalent element boron. 
Again, oxygen is always bivalent, and so are also the 
metallic radicals of the alkaline earths, calcium, barium, 
fltiontiimi, and magnesium, and so are, moreover, the 
well-known metallic elements, lead, zinc, and cadmium, 
liistly, aluminum, titanium, silicon, and carbon, are al- 
ways quadrivalent, although, in the single instance of the 
' molecule, CO, the carbon-atom appears to be bivalent. 
But, in addition to the fact that the variations in 
^ntivalence are confined to a limited number of the 
dementary atoms, these variations appear to follow a 
^femarkable law, which is thought to point to an ex- 
piration of their cause. As is shown in this diagram, 
"^ successive degrees of quantivalence in gold and 
plosphorus follow the order of the odd number : 

AuCl Ana. 

pa. poi, 

^hile those of manganese follow the order of the even 

MnF, MnF4 MnF. 

Kow, what is true of these atoms is, in general, true 
^^ the atoms of all those elements which have several 
^^gfees of quantivalence : at each successive step the 
^^^anti valence increases by two bonds, and never by a 
f^^gle bond. The explanation of the fact is thought to 
"^ that the bonds of any atom, when not in use to hold 
^*her atoms, are satisfied by each other, and that, so far 
^ these unused bonds are concerned, the atom is ^^ 
12 
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the condition of a horseshoe magnet, with its north 
directed toward and neutralized by its south pole, 
it is assumed that, in both of the two compounds of i 
bon and oxygen, the carbon atom is quadrivalent, 
only difference being that, while in CO) all four boi 
arc employed to hold the two atoms of oxygen, in 
only two are so used, the other two neutralizing eackj 
other thus : 

OOO c(M). 

Of course, then, if the nnnsed bonds are in all caflei 
neutralized in this way, it must be that the qnantifft' 
lence of an atom will fall off from the highest degree 
of which it it susceptible, by two bonds at each 8tq>; 
so that, if the highest degree is odd, all must be odd, 
and, if the highest is even, all must be even, as in the 
illustrations given above. Atoms with odd degrees of 
quanti valence have been called perissads, and those with 
even degrees have been called artiads, and the classifi- 
cation appears to be a fundamental one ; but there are 
important exceptions to the general principle, which 
have never yet been reconciled with the theory. 

The doctrine of qnantivalence, which we have en- 
deavored to illustrate in this lecture, is one of the dis- 
tinctive features in which the new chemistry diS^ 
from the old, and the recognition of the fact that a defi- 
nite quantivalence is an inherent quality of each e»^' 
mentary atom was one of the chief causes of the re^^ 
lution in the science which has recently taken pla-^* 
In the old chemistry, the question of how the eleme^ ' 
ary substances were united in a compound was harc?^^ 
raised, much loss answered : but now the manner ^ 
which the atoms are grouped together in the molecu ^ 
lias become an all-important question. Every mol^ 
^ulc is a unit in which all the atoms are joined t(7^ 
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er by their several bonds, and it becomes an object 
ivestigation to determine the exact manner in wliicli 
molecular structure is built up. Moreover, it ap- 
ra that the qualities and chemical relations of a com- 
md are determined fully as much by the structure 
its molecxdes as by the nature of the atoms of which 
B molecules consist. For example, it was formerly 
pposed that the qualities of an alkali or an acid were 
tnply the characteristics of the compounds of certain 
ements with oxygen, but it now appears that they are 
le result of a definite molecular structure, and are 
nly slightly modified by the characteristics of the in- 
iividual atoms which may chance to be the nucleus of 
he molecule. 

We are thus fairly brought face to face with the 
pestion of molecular structure that is to occupy our 
attention during the remainder of this course of lect- 
Dres. In regard to this question, there are a few pre- 
'inunary points which need barely be mentioned, as 
^% can easily be apprehended, and require, therefore, 
'^o extended illustration. It is evident that with univa- 
'^Qt atoms solely we can only form molecules con- 
'^ting of two atoms, like Na-Cl, or H-Br. When we 
^troduce bivalent atoms the structure becomes more 
oinplex— as in H-O-H or K-O-Cl. With several biva- 
'Ht atoms we can form molecules in which the atoms 
-em to be strung together in a chain, sometimes of 
t*eat extent, as — 

H-O-Oa-O-H, or H-0-Pb-O-Pb-O-Pb-O-n. 

Caldc Hydrate. Triplumbic Hydrato. 

.nd, with atoms of higher quanti valence, we obtain 
roups of very great complexity, of which the multiva- 
mt atom * is the nucleus, and serves to bind together 

* The atom with a high degree of quantivalencc. 
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the putB <^ the iDolecoJe. The molecule of calcie 
ph&tc, for example, ia sappoeed to bare the complex on 

Ca S 



stitntion vhidi oar symbol indicates, and it viH be 
that it is the Bcxivalent atom of salphor, which it da' 
nudeuB of the group, and holds the atoms togetlier. So, 
also, in the Btill more complex molecule of slaai, ths 
double atom of alanuDum is the nucleus of the ^wf, 
o o 



K-O-8-O-Al-Al-O-S-O-K 



and unites the several parts, while the four seiivslen' 
atoms of sulphur are the centres of subordinate graii|K 
connected with this nucleus. Notice that all the atoin 
are united by their respective bonds, and that to ead 
set is assigned a definite qnantivalence, and yon cso 
hnnlly fail to appreciate the important fnndamentat 
principles of our modem chemistry, which I have been 
endeavoring to illustrate. They may be summed up "^ 
the following terms : 

77ie integrip/ of every complex mnhcule depettHs P" 
the m^dtivdlence of one or more of its atoms, and ^ 
tuch molemU can exist unless its parts are bound to- 
ffether li/ thsBe atomic damps. 

Such symbols as those just given, by which we at- 
tempt to indicate tho relations of the parts of a molo* 
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crie, are called graphic or sometimes rational symbols, 
and are to be distinguished from those we have hitherto 
used, which, as th.ey represent simply the results of ex- 
periment, are known as empirical symbols. Of course, 
these graphic symbols are the expresnions of our theo- 
retical conceptions, and must survive or perish with the 
theory that gave them birth. But, absui-d as these con- 
ceptions certainly would be if we supposed them realized 
in the concrete forms which our diagrams embody, yet, 
wleu regarded as aids to the attainment of general 
truths, which in their essence are still incomprehensi- 
ble, these crude and mechanical ideals have the greatest 
valae, and become very important aids to the study of 
chemical science. 

The molecular structure of bodies is inferred chiefly 
from the reactions of which they are Bnsceptiblo, or by 
which they are formed, and I now propose to ask you 
^ Btady with me a number of cbemical processes which 
I have selected with a view of illustrating the structure 
of a few of the more important classes of chemical 
*!oinpounds. The processes best adapted for our pur- 
pose, and therefore selected, are chiefly examples of 
'Metathesis, and incidentally we shall become acquainted 
*ith this third class of chemical reactions. 

Metathesis consists in the interchange of atoms or 
gfoups of atoms between two molecules, and implies 
^^t the strncture of these molecules is not otherwise 
altered. Sucb an interchange, of course, involves the 
Wl(ing up of two sets of molecules, and the produc- 
*'on of two new sets, and might bo regarded as a con- 
•^Tenee of analysis and synthesis ; but the cases are so 
^wy common of chemical processes in which one atom 
<»■ a ^oup of atoms is simply substituted for another, 
"ithout otherwise altering the structure d \^ve moW 
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cules concerned, that it is convenient to fitudj these ie- 
actions by themselvea. The first example which I shall 
bring to your notice is the reaction of metallic sodium 
on water. 

The effect of pure sodium on water is so viol^ 
that we find it convenient to moderate the action by 
amalgamating the metal with mercury, which, withonl 
in the least degree altering the relations of the sodium 
to the water, reduces the rapidity of the chemical pro- 
cess. We will, now, pass under this glass bell, whiA 
is filled with water, and standing on the shelf of the 
pneumatic trough, a bit of this sodium amalgam. Tou 
notice a rapid evolution of gas, which soon nearly fills 
the bell. Let us examine this gas. On bringmg the 
open mouth of the bell near a candle-flame, the gas takes 
fire and bums with the familiar appearance of hydrogen, 
and this is sufficient to assure you that the product with 
which we are here dealing is hydrogen gas. But what j 
is the other product of the reaction ? To discover this, 
we will next place another lump, this time of the pur© 
metal, on an open pan of water. The metal is lighter 
than water, and floats on the surface, but, to prevent it 
from swimming around, we have placed on the liquid ^ 
disk of filtering-paper on which the lump rests. Th^ 
action is now very violent — hydrogen gas is evolve^ 
as before, a high temperature is developed, and th^ 
metal melts. Were the melted globule free to swim oX* 
the surface of the water, the cooling effect of the liqiii^ 
would prevent the temperature from rising to the poi3^ 
of ignition. As it is, however, the globule being entatt" 
gled by the filter-paper, the heat soon accumulates to ^ 
sufficient degree to inflame the escaping hydrogen, aB<i 
this furnishes us with the evidence that the gas is rea*" 
ly escaping. But the color of the flame is not familia^^* 
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¥hy is it BO yellow i Simply because tlie flame contains 
i small amount of tlic vapor of Bodium, and the merest 

trace of that vapor in any flame ia sufficient to color it 
intensely yellow. Any volatile compound of sodimn 
introdnced into a non-luininoos gaE-fiamo produces the 
Mme effect. But where is that other product we are 
seeking! Evidently we must look for it in the water, 
on which the sodinm Las been acting. Have the quali- 
ties of the liquid changed '{ This question can be an- 
swered hy a simple test. Here we Lave some strips of 
p«[)er, which are colored with certain well-known vege- 
table dyes. The yellow strips are colored with tur- 
tnerio, and the red with litmus. On dipping these 
BtripB ia a jar of pure water, notice that the color is not 
in the least degree modified ; but mark that, when the 
jellow strip ia drawn through the water on whic-h the 
sodium lias been acting, the color becomes at once bright 
red; while, on the other hand, the atrip colored red by 
HtmuB becomes blue. Evidently it is some product of 
Hie reaction dissolved in the water which produces these 

I ragnges, and this conclusion will be confirmed on tast- 

I ingthe water, which has acquired a sharp, biting taste, 
"id attacks the skin, producing, when rubbed between 
"16 fingers, a peculiar unctuous feeling, effects which 
^ery one will recognize as those of a caustic .alkali. If, 

'i "Off, we evaporate the water, we shall obtain a small 
quantity of an amorphous, whits solid, similar to that 
*hich is contained in this bottle, and which is only a 
purer form of the caustic soda of commerce used in 
'"ch great quantities for making soap. 

Ab we are able to discover no other results of tliia 
pfocesB except the two substances you have seen, you 
•""y conclude that the only products of the reaction of J 

^^tmia on water are hydrogen gas and cauatw aQda» ^J 
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*Next, as to tiie nature of the process, and how we can 
^prce^ it by our ej'qiIkiIb. We know all about tiie 
molecular cmstitutiun of the fatitore of the reaction. 
The symbol of a molecule of sodiam la Na-Na, and 
fliat of water II-O-H. Theee molecules have the sim- 
plest tj-pce of Btructure. We also know that the mole- 
cule of hydrogen gas lias the symbol H-H, bat how 
about the molecule of caustic soda (eodic hydrate, as wc 
call it) ? Chemical analysis shows that this substance 
consists simply of sodium, oxygen, and hydrogen, in 
proportions, by weight, corresponding exactly with 
those proportions which have been assumed to be the 
relative weights of the atoms of theee three elements. 
Analysis, therelore, proves that the molecule of canstic 
soda contains an equal number of atoms of all tliree of 
its elementary constitnents, but it does not enable us to 
decide whether its symbol is NaOII or NajOjHj, or any 
other simple multiple of these letters. Here, however, 
tlie principles of quantivalence come to our aid. We 
know that both II and Na arc univalent atoms, and 
that the molecule of oxygen can only bold two such 
atoms. Hence the symbol must be Na-O-H, and can 
be nothing else. Were caustic soda a volatile solid, so 
that we could determine tlie specific gravity of its va- 
por, we could reach a knowledge of its molecular con- 
Etitntion in the manner previously described, which ia 
much more direct and satisfactory ; bnt, as it cannot be 
volatilized within any manageable limits of tempera- 
tnre, we are obliged to resort to methods whose re- 
snhs are nndoubtally less conclusive, and depend, to a 
^^K greater or less degree, on theoretical consideratiouB. ^^_ 
^^H Writing out, now, the symbols of the fectors ^^^M 
^^Hproducts of our reaction, ^^H 

^B[ Ifa-Ha H-0-& Na.O-Q H-I^ ^H 
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lOtice that, as there are two atoms of Na in the 
molecnle of the metal, we tna&t have tbrmed two mole- 
cales of Na-O-H, and, as there will then be four atoms 
of hydrogen among the products, there mast be two 
moleeulea of water used in the factors, and our reao- 
tioD, thus amended, becomes 

Na-Na + 2H-0-H = 2Na-0-n + H-H. 
If, next, we represent the reaction by graphic symbolfl, 
the nature of the change wiH be made still more evi- 
dent: 

H-O-H Ns Na-O-H H 
+ 1 = +1 

H-O-n Na Na-O-H H. 

It will be now seen that the two atoms of sodium have 
changed place each with an atom of hydrogen in the 
molecule of water, and that the displaced atoms of 
hydrogen have taken the place of the atoms of sodium. 
In a word, the new molecules liave precisely the same 
Btrncture as the old, and only differ from them in the 
Bubstitution of Na for H, or the reverse. This reac- 
fion is, therefore, a simple example of metathesis. 

Caustic soda (or eodie hydrate), which was one of 
"le products of the reaction we have been studying, 
Iwlongs to a class of substances which have long been 
^Btingoished for their very marked and useftil quali- 
ties, and are called alkalies. The most striking and 
^liar of these qualities have already been noticed, 
""diamoog others, the effects which the alkalies produce 
^ the colored papers dyed with turmeric or litmus. 
'**, there is another class of componnds whose quali- 
1*3, while equally marked, bear a most striking antithe- 
*_to those of the alkalies. These compounds are called 
""''(Is, and ihe word recalls a peculiar taste and a corrosive 
Jjtion, ^itii which every one is more or less familiar. 
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acid of commerce, which, as I have already UAd joa, is 
a EolutioD of bydrocbloric-ftdd gas iHCI) in water. 
Notice that, wliea I dip in this acid eolation the dyed 
papers which have been altered bj the alkali, their 
furmer color is at once restored. The acid thue undoes 
the effect of the alkali, and, what is more, if I add the 
acid filowlj to the alkaline Bolation, and, after emit 
addition, test the solution with my papers, I ^lall find 
that the alkaline reaction, as we call it, becomes feebler 
and feebler until at last it wholly disappears. So, on the 
other hand, if we add the alkaline to the acid eolation, 
the test-papers will show that the acid qualities disappear 
in a similar manuer, and we can easily bring the eola- 
tion to eneh a condition that it has no more effect on 
the vegetable dyes than so much pure water. This 
chemical process is usually described by saying that the 
acid and alkali neutralize each other, and notice that in 
the case before ua the test-papers show tliat the neutral 
point has been reached. On tasting the solution, we 
cannot discover the least traces of either an acid or an 
alkaline taste, but in their place we recognize the flavor 
of common salt, and if we evaporate the solution we 
shall obtain a small quantity of this most familiar con- 
diment. 

With all the substances concerned in the reaction 
we have just studied, we are perfectly familiar. Let na 
see, then, if we cannot express the reaction by means 
of onr chemical symbols; 

Nb-O-H + HCl = n-O-H + Na-OL 

Sodic nrdmtc B; dmchlurtc Add. WMtr. S«dlB CUorids. 

The reaction evidently consists in the simple snbstitn- 
tion of Na for H in the molecule of HCl, and the 
reproduction of a molecule of water, whieb. mixing 
with the great mass of water present, would fl 
Jost eight of in the expcTimetiV. 
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; appears, then, that, in the present case at lenet, 
tbe neutralizing of an acid by an alkali is a simple 
metatbetieal reaction, in which the metallic atom of 
the- alkaline-molecule changes place witli the lijdrogen- 
atom of the acid-molecule. Now, the chief interest of 
this experiment arisee from the iiiet that it is a single 
example of a general truth, and the principle is one 
of 8uch importance that it requires further itlustration. 
On the second pan of water I therefore throw b 
lump of another metallic element, closely allied to so- 
dium, called potasBium. The action is even more vio- 
lent than hefore, and mark that the escaping hydrogen 
inflames while the metallic globule is swimming rapidly 
about on the surface of the water. Notice, also, the 
beautiful color which the potassium-vapor imparts to 
tbe flame, so different from that obtained with sodinm. 
These colors are, in fact, very characteristic, and, when 
examined with the spectroscope, are condensed in cer- 
tain luminous bands, whoso positions on the scale of 
the instrument afford a never-failing indication of the 
preeenco of the metal in the flame. You see, more- 
OTer, that, aa before, the water has acquii'ed an alkaline 
"action, and, if we evaporate the solution, wc shall ob- 
twn a small quantity of a white solid called potash (or 
potaasic hydrate), so similar to caustic soda that the two 
<»c scarcely be distinguished except by chemical tests. 
Tbe process is so analogous, in every respect, to the 
last, that it is certainly unnecessary to repeat the evi- 
dence on which our knowledge of the reaction 
^■^Md, but we will express it at once by our chemical 
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^e Boie difference is that wc have here atoms of -^taa- { 
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■Anin, K, instead of atoms of Kodiom, Na, ' 
ever, l!kc tliti last, take the place each of a liydnjgcn- 
ntoni in one of the mulecnles of water. 

Ill the previous example we neutralized the alkali 
soda with hydrochloric acid. We liave here another 
L-onipound of llie same claes, called nitric acid, and let 
us see whether, in like manner, this aeid will neu- 
tralize the alkaU potash. Kotice thnt, as we add the 
acid, the alkaline reaction becomes feebler and feebler, 
nutil at last it has entirely disappeared. The hqnid 
has now no effect on either of these sensitive papers. 
On tasting it, we discover no pungency, and likewise 
no acidity, bnt we recognize a peculiar saline taste, 
which is not unfamiliar. Here is a bit of paper which 
has been dipped in a similar solution and dried. See 
how it sparkles when lighted, and every boy will tell na 
tliat we are dealing with the well-known salt we call 
nitre. And so it is; and, on evaporating the Bolation, 
we should obtain the familiar crystals of this substance. 
Before we can explain tlus new reaction, we must 
know what is the symbol of a molecule of nitric 
acid, and also that of a molecule of nitre. Since nei- 
ther of these substances can be volatilized without de- 
composition, we cannot weigh their vapor, and cannot 
therefore apply the method of finding the symbol we 
explained in a previous lectnre. As in the case of the 
sodic hydrate, however, we are not wholly helpless, for 
analysis will tell us a great deal, and, once for all, let ts 
consider just how much information an accurate analy- 
sis will ^ve us in regard to the symbol, and how far 
it leaves us in the dark. 

Here, then, we have the analysis of nitric acid, and 
in regard to the accuracy of these numbers there can:- 

■not be a doubt : 
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^H Hydrogen 2,5T 1 II 

^K SitrugnD 35.80 14 N 

^M OsjgeiL 61.54 4« O, 

E^ 100 

Nitric acid consiats of the three elementary substances 
— hydrogen, nitrogen, and oxygen — in the exact pro- 
portions here indicated, just bo niflny per cent, of 
each. Now, these per cents, are to each other pre- 
cisely as the niinibera 1 : 14 : 48 ; or, as the weight of 
one atom of hydrogen is to the weight of one atom of 
nitrogen is to the weight of three atoms of oxygen ; or, 
in symbols, as H : N : Oa, But, as evei'y one knows, 
we may multiply all the terms of a proportion by any 
namber we please without in the least altering the 
value of the ratios— thus, 1 ; 14 : 48 = H ; N : O3 = 
. H, : Nj : Ofl = H, : Ng ; O, ; or, in general, as II„ ; 
Nb ; Ojo. Hence, then, if nitric acid consists of hy- 
drogen, nitrogen, and oxygen, in the proportions which 
our analysis indicates, its molecale miist be represented 
either by HNO3, or by some simple multiple of these 
symbnls. Knowing, then, as we do, the relative 
'eiglits of the atoms, simple analysis will tell us in 
*^^ case the relative number of atoms present in 
tne molecule, but it cannot fix the absolute number. 

lou see, therefore, that analysis alone gives us al- 
''i^JB a close approximation to the symbol, and limits 
tile question within very restricted bounds. The sim- 
plest formula in any case is that which represents the 
"Wfleeule as consisting of the smallest number of whole 
Moms which will satisfy the conditions, and the only- 
lueation can be as between this symbol and its multi- 
P'm- In the case of all volatile compounds, a, very 
•^"gli determination of their vapor dcTisity is sufficient 
to decide the qnestion. Thus, in the case ot Q\tnca.ft\d, 
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mbol is nXOj, the molecalar weight is 63, 
and the Tapor denGitj would be 3L5. Were the eym- 
bol HjNjO,, the deneitv would be 63 ; were it lljNjO^ 
the density wuuld be 94.5 ; and, although there are 
caasea which make many of our determinations of va- 
por ileDEittes untrustworthy within several per cent., 
they are abondautly accurate enough to ehow which of 
such widely-ditfering values must be the tme one. 

Ilence, although theoretically the molecular weight, 
as determined by the vapor density, is our starting- 
point in the investigation of the eymbol of a componnd, 
practically it is only used to control the resnlts of anal- 
ysis. So also, when, in the case of non volatile com- 
pounds, we must resort to other modes of fixing the 
molecular weight, an accurate analysis having once been 
made, the question lies only between a few widely -differ- 
ing numbers, and considerations are sufficient to decide 
between these which would not be regarded as satiafac- 
tory were greater accuracy required. 

Of course, as must be expected, there are substances 
in regard to which no definite conclnsions can bo 
reached, and where conflicting evidence renders differ- 
ences of opinion possible. This is true of many min- 
eral spedes, and the symbols of such compounds are in 
doubt to the extent I have mentioned. In such cases, 
we usually adopt provisionally the simplest eymbol, 
and wait for the advance of science to correct any error 
which may be made, and which, for the time at least, 
is unimportant. 

This is, nndoubtedly, a difficult subject — one of the 
^_ most difficult in ebemietry; but the difficulty can be 
^^b mastered vnth a little thought, and it requires no de- 
^^K'fadled knowledge of the science to follow the reasoning 
^^H*fbn8 far. It is different, however, with the purely cI 
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ical evidence on which we are fi-equcntly obliged to 
rely tor deciding between the few foniiulas wliich, in a 
given case, analysis shows may be posaible. This evi- 
dence will have no force, except with those who havo 
already a competent knowledge of the faets. Thua much, 
however, can be understood. The facts of chemistry, 
like those of any other science, are parte of a general 
plan more or less fully apprehended by the student, and 
the evidence of wliich I am speaking may be summed 
up in the statement that the given symbol is accepted 
because it is consistent with this plan. Of course, Bucli 
reasoning is not absolutely conclusive, and there is 
room for doubt, but so there is in every department of 
science. A part of the way we walk in the clear light 
of knowledge ; the rest of the way we grope ; but it is 
only thus that we can penetrate the darkness of the 
noknown, and we rely on that intelligence in man 
vliich finds its response in the intelligence of Nature, 
to direct our steps. 

Having now explained as fully as our time will per- 
mit the general nature of the evidence on which we 
depend for establishing the empirical symbol of a com- 
pound, I shall not recur to it again, but shall regard it 
as sufficient to say that chemists are agreed that the 
Bymbol is thus or so. In the ease of nitric acid, there 
is no question that the symbol of the molecule 
HNOj, and, in like manner, KNO3 is the received sym- 
bol of nitre. How, now, shall we write the reaction we 
last studied ? Simply tlius : 

^ K-o-n + n-No, = no-H + k-i 

™«l=arilMlH. HltricAcld. WaWr. PutM^c 

Tlie reaction, then, consists merely in an interchange 
wtwcen the hydrogen-atom of the aeid and the metal- 
lic atom of the alkali. It is, then, precisely simikir to 
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tij' njucijoi liCTwecx *h/u;- pyurut* mil iyiroii 

I \i au' i rru< 11 tu* csMi o* ul ukaiiihr uiiL lil ja. 
\ii iif ccrtiinr luetiiiei il UttUuciur ±«riiii :tir e^ 
in fill tii> iwliiiwiii;- i)rUL'::ii)Li3r Trsr. ul oikii lit 

.Hit liiiitv trull till moie^.uitir ir vruAtr iuIt in iii^ 

I 

i!i:- i. iiif.'Ulii' :itoxi u i)la?:« ir niu :£ zia i' '::r:M^ 
ill" 'Tit. !»' till w;iie'-ui«*i»?nui : ftt!":iiiiil7. la. jii»i ii i 
: iit»«t;niri \viif>*ii xuoifffniLef r:ouiuiL in j*:iiX :c*r i^*:^ 

.4i«ii ii' tu« uhLui^ wiiCL tia rvri fiubauatitsiir ir-i liricr^^ 

A; till iluwtmtiouf alreHdvirJvcL iijci:a3c.:z.e i^' 
a ■i»ri;.ii< (|ualitii?^ ni uu acid du}»ei)C 'c::t:fL ZL^i :ir:z:^' 
i'XAXi i ttt:i: r-rnaiii iiydrofreu -utcmit ±l 'LIh h-:^^"^*^ 
II' :iii**ii iuiii«<tatLr-.f;^ art readDv Tujilacisd "ij z:ci»-^- 
atiiin; hi Ill^ lit'Xt lefOluri;. 1 filiaD iiliC>iK' liblu llif ^^^^^ 
• i'|i!itiiii:x iii riiphuHimuiit dejKiudi^ njiC'ii & ^lei^i*^ 
iiitilifiiinr ;;rrii"riiri;, liiil 3 luuHt Udl letTe lii? izy/^'-^, 
V ijiinii iii:;i.i:iiif oij the fuf^ that tJiif- cLarfl.cT^rsr.: • * 
ii-ii: i: trjMiii«s;n*il lit (itlitir wavf besides iLe s'i^^^\ 
III- .-If V* li:.\« Immti Ht.iid\ iiip. A few exjierimente ^ ^ 

iil:i: f r:.:f tlii- |it*ilil : 

Ir, tl.i* fhi-li ilicn- arc w>me "wroTig-Lt-iron na^^ ' 
\Vi tiKiir f.\f r tilt 'in M»mt* runriatic* acid, and wann l^\ 
\» ^:^ I At ..f|iM- tlif-n- js a ]»risk evolution of gas, whi^ 
\M :i!i Im m- i'i>lU'i'\iiifSn in the usual way, over wate^ 
<itMl iiotici tliat, \\1i<'ii lighted, the gas bums with il>* 
fiiiiiih.-ir (liiiiif fif livdro<rt'n. Muriatic acid is an ol^ 
liiiiiil \\t' know all about its constitution, and V 
1^ t \iiiiiif fliat th(! iroii-atums have replaced the hy 
■lHf£/t:ii (itiiitiH of till! acid. If we evaporate the solu-^ 
^loii Kit in Uict fliiHk, wu shall obtain a green salt con- 
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ySfflg of tiilgrine and iroo. The reaction U tliiiit 

ttansA: 



» iron-atom is bivalent, it takes the place of two 
B of hydrogen, which, when thus displaced, fonii a 
lecBle d hydrogen gas. 
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""be second flask are some zinc-clippinga, and wa 
I pfiiir over them some dihite sulphuric acid, one of 

, ^ "eat known of the class of compounds wc arc studj- 
S- Again, notice a brisk evolution of gas (Fig, 31), 
I"™ also, as jou see, bums like hydrogen. Indeed, 

*' is the process by which hydrogen gas is usually 



'" tlie reaction, which is here written, you notice that, 
* Wore, the metallic atom takes the place of two 
' hydrogen; but sulphuric acid differs from 
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both hydrocbloric acid and nitric acid in that each of 
its molecules has two atoms of hydrogen, which can be 
tlius replaced. 

Examples like these might be multiplied indefi- 
nitely. We will conclude, however, with one more 
experiment, which illustrates the same susceptibility to 
substitution, but under slightly different conditions. 
This white powder is called zinc oxide, and is a com- 
pound of zinc with oxygen. Notice that it dissolves 
readily in a portion of the same dilute sulphuric acid 
used in the last experiment. Moreover, on evaporating 
the solution, we should obtain zinc sulphate (ZnSOJ, 
the same product as before. Why, then, is there no 
hydrogen gas evolved ? Let our symbols tell us: 

ZnO + H,S04 = H,0 + ZnSOi. 

ZLMOzlda. Sulphuric Add. Water. Zinc Sulphate. 

You see that the metathesis yields water instead of 
hydrogen gas, and the question is answered. 



LECTUEE XIL 



ELBCTBO-CHEMIGAL THBOBY. 



In onr last lecture we saw that, whether air acid is 
brought in contact with an alkali, a metal, or a metallic 
oxide, one or more of the hydrogen-atoms in its mole- 
cules become replaced by metallic atoms from the mole- 
cules of the associated body, and this susceptibility to 
^placement was, asL I stated, the distinguishing feat- 
^u^ of that class of compounds we call acids. But I 
should leave you with a very imperfect notion of these 
important relations, if I did not proceed further to 
"Ittstrate that the class of compounds we call alkalies, 
^^i which we have been accustomed to regard as the 
^^7 opposite of acids, have exactly the same charac- 
teristics. 

In this small glass flask there are some clippings of 
*"G metal aluminum, the metallic base of clny whicjh 
"f% within a few years, found many useful applica- 
"^^8 in the arts. On this metal I pour a solution of 
^^stic potash. Notice that, on heating the flask, I 
^htain a brisk evolution of gas. On lighting the gas, it 
"^^8 with a flame which leaves us no doubt that the gas 
^ ^drogen. What, now, is the reaction ? Somowtiat 
^^J'e complex than those you have previously studied, 



290 ELECTRO-CHEUCAL TOEORT. 

becsnso ihe atom of alaminam has a qaantivaleoce of 
six. Moreover, in order to satisfy certain very striking 
nnalogies, wa write tbc sj-mbol of tiiis atom Al„ that 
'}&, we take 27.4: m.c. of aluniinnm for the aseuuied 
atom, and represent that by AJ, aithoagh 54.8 m.c^ 
which wc write Al„ is the smallegt qnantily of the ele- 
ment of which we have any knowledge, or which 
changes place with other atoms in the numerous meta- 
thetical reactions with which we are acquainted. Here 



K-O-H 
K-O-H 
K-O-H 
K-O-H 
K-O-H 
K-O-H 



+ Al, = K,"0,"A1, + 3H-H. 



■ 



the Al, takes the place of six hydrogen-atoms, tlms 
binding together what were before six distinct mole- 
cules of K-O-H into a single uiolecnle of the regolting 
product. Evidently, then, the hydrogen-atom in the 
molecule of the alkali has the same facility of re- 
placement as that in the molecule of the acid. Nor 
is this an isolated example, although, perhaps, the most 
striking we could adduce, and it illustratee a trnth 
which was recognized long before the general adoption 
of the new philosophy of chemistry. Acids and alka- 
lies belong to the same class of compounds, and caustic 
potash and nitric acid are sunply the opposite extremes 
of a series of bodies in which all the intermediate 
gradations are fully represented. In our modem 
chemistry we call this class of chemical substances hi/- 
drafes, and we distinguish the two extremes of the 
class as alkaline (or basic) and acid hydrates, respec- 
tively. The terms alkaline and basic are here need 
synonvmonsly, althongh the fii^t is generally restricted 
the oI3 caustic alkalies, including ammonia and 4^H 



COMPOUND IIADICAIA 

few compounds closely allied to them, which have been-l 
recently discovered. 

Seeing, now, that the hydrogen-atom in the mole- | 
cnle of potaaeic hydrate has the eame siiBceptibility of 
replacement whose cause we are seeking to discover, 
and knowing, as we do, the structure of this alkaline 
molecule, may it not be a similar Btnicture which de- 
termines the lite susceptibility in the molecules of all 
acids ; for example, in those of nitric acid i Wliat, now, 
is the position of the hydrogen-atom in the molecule 
which we have so often written, K-O-H? Wliy, simply i 
this. It is one end of a chain of three atoms which ] 
has au atom of the metal potassium at the other end, 
and an atom of oxygen connecting the two. Now, we 
can write the symbol of nitric acid thus : 

H-0-(<C). 
Md yon will observe that we thus satisfy all the condi- 
tions of quantivalence, and have a structure similar to 
flut of potassic hydrate. As before, we have an atom 
of oxygen uniting the hydrogen atom with the other 
end of the chain ; but then this end of our molecular 
Btmcture is formed, not by a single atom, but by a 
Efoip of atoms (NO,) which, nevertheless, can be re- 
placed by metathesis just like a simple atom. 

Allow me here, however, to make a short digres- 
"on from the main line of my argument, in order to 
Mne an important term which we shall have frequent 
"•^casion to use during this lecture. By comparing the 
symliol K-O-H with H-0-(N03), it will be evident that 
"16 Only essential difference between them is that the 
S^oip NO, in the Inst takes the place of the atom K in 
™ first. It must be, then, the influence of this part 
*" the molecule which determines the difference be- 
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pie radical, the group NO2 forms what is kn 
compound radical. The influence of simple i 
determining the qualities of their compound 
been recognized. Indeed, the old chemistry 
gether too much stress on this influence, regs 
qualities of a substance as derived in some 
but remote manner from the qualities of its 
and wholly ignoring the effect of molecular 
on these qualities, which we now know to 1 
equally great. It was a very great step forw 
the German chemist Liebig first recognized 
that a group of atoms might give a distincti 
ter to a class of compounds just as effectively 
mentary atom. These groups he first nai 
pound radicals, and assigned some of the i 
which the more important of them are stil 
and we now speak just as familiarly of the a 
of cyanogen (CN), of ammonium (NH^), c 
(CHs), of ethyl (C2H5), etc., as we do of the c< 
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the graphic symbolB of the other compound radi- 
cals mentioned above : 

H H H n n 

/- -(CsN) H-C- H-c'-C- 

/ \ I II 

H H H II H 

AiHiiMinjmn CjanogCB. McHijL £UijL 

^^ each case, the number of bonds which are not closed 
^^ftnines the qnantivalence. 

fietuming, now, to our comparison between K-O-II 
^^H-0-N02, we should describe the relations of tbc 
^^'ecules in a few words by saying that the acid and 
5^6 alkali had molecules of tbe same general structure, 
^t differed in that the radical of the alkali was the ele- 
^eutary atom potassium, while the radical of the acid 
^ the atomic group NO,. 
As the result, then, of our discussion, we are led to 
. ^^ theory that acids and alkalies are compounds hav- 
^^ the same general molecular structure, and that the 
^^^^ceptibility to replacement of the hydrogen-atom or 
*<>xn8, which all these compounds contain, depends 
^Pon the molecular structure, while the differences be- 
^een acids and alkalies, and, we might add, the differ- 
ences between individual acids or individual alkalies, de- 
pends on the nature of the radical. Having been led 
^*^vi8far, the question next arises, Can we trace anycon- 
^^ction between the acid and alkaline characters of the 
^^inpounds, on the one side, and the nature of the rad- 
^^als, which appear to determine these features, on the 
^tlierside? 

The simple radicals, as they appear in the elemen- 

^^7 substances, may be divided into two great classes, 

^l^e metals and the non-metals, the last class, by a sin- 

S^lar perversion of language, being frequently called 
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metalloids. Now, the most elementary knowledge o( 
chemistry shows that, while radicals of opposite lUh 
tures combine most eagerly together, two metals, or two 
closely-allied metalloids, show bat little aflSnitj for eadi* 
other. These fiicts suggest at once an analogy between 
chemical afiSjiity and the familiar manifestations of 
polar forces in electricity and magnetism ; where it is 
also tme that the like attracts the unlike. Moreover, 
it is found that, when, in the various processes of elec- 
trolysis, chemical compounds are decomposed by the 
electrical current, the different elementary substances. 
appear at different poles of the electrical combinsr | 
tion. Thus, hydrogen, potassium, and, in general, the 
metals, are evolved at what is called the negative pole, 
while oxygen, chlorine, bromine, and the aUied metal- 
loids, appear at the positive pole. It was, then, not un- 
natural to refer these effects of electrolysis to the dee* 
trical condition of the atoms, and to assume that the 
atoms had an opposite polarity to that of the poles, to 
which they were attracted, and hence the metals camc 
to be called electro-positive and the metalloids electro- 
negative radicals ; and these facts were thought very 
greatly to confirm the notion that chemical aflSnity is (^ 
manifestation of polar force closely allied to electrical 
attraction. 

As expounded by the great Swedish chemist, Berze- 
lins, tills electro-chemical theory gave new life to that 
system of chemistry which, introduced into the science 
by Lavoisier and his contemporaries, has been only re- 
cently superseded. Corresponding to the duality of the 
electrical and magnetic poles, it was argued that there 
niust be a duality in all chemical compounds, the ele- 
ments uniting by twos to form binary compounds, the 
hinaries again uniting by twos to form ternary com- 
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POSITIVE AND NEGATIVE 

and BO on ; and from this, its most (.-haractf 
feature, tbe old philosophy is aow caltL-d tho dual' 
tyatem. Aa the knowledge of chemical compounds 
ibeen enlarged, it has beea found that, whatever may 
le resemblances between electrical and chemical at- 
, the analogy fails in the very point on which tlie 
liBtic system relied. But the chemists of the now 
il, in their reaction from dualism, have too much 
looked the electro-chemical factB, wliich are ns true 
a8 they ever were. The distinction between posi- 
and negative radicals, based ou their electrical rela- 
iB, is evidently a most fundamental distinction, al- 
as BerzeliuB himself showed, the distinction is a 
live and not an absolute one. It is possible to clas- 
tbe radicals in one or more series in which any mem- 
IB positive toward all that follow it, and negative 
ird all that precede it in the same scries, and this 
principle is as tnie of the compound aa it is of the eim- 
p'e radicals. Now, it is in this difference between posi- 
*"e and negative radicals that wo shall find the origin 
Uie distinctive features of the acid and the alkali. 
Compare, again, the symbols of potassic hydrate 
f nitric acid as we have now learned to write them — 
*"0-H and TI-O-NOj— and seek, by the electro-chemi- 
' classification, to determine what are the electrical re- 
>Ons of the radicals K and NO), to which, as I have 
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'<i, we mnst refer the distinctive features of these 

^^Jiponnds. It will appear that K, the radical of the 

"'kali, is the most highly electro-positive, and NOj, the 

I "^ical of the acid, one of the most highly electro-nega- 

I"Ve of all known radicals. Moreover, if you will ex- 
tend your study, and compare in a similar manner the 
I ^ectrical relations of the other well-marked alkaline and 
L add hydrates, you will find that the radicala of the al- 
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kalies are aU electro-positive, and the radical 
acids all electro-negative, and, further, that thi 
tivc features of the alkali or the acid are t 
marked in just the proportion that the positic 
radical of the compound, in the electrical class 
is the more extreme. Lastly, those hydrate 
])ropertie8 are indifferent, and wliich sometim 
acids and sometimes as alkalies, will he found t< 
radicals occupying an intermediate position in 
classification. 

In following, then, the path which theoret 
siderations have opened, we have met with a 
markable class of iacts. Alkalies contain radica 
in the process of electrolysis, are attracted tov 
negative pole of the battery, while acids cont 
cals which, under the same conditions, are drawi 
the positive pole, and, in the proportion as th( 
thus mutually exerted between radical and pol 
more marked, the acid or alkaline features of 
drates of the radical are the more pronounced 
are the facts, which no one will question ; ai 
now, is the explanation of them ? We can giv 
theoretical explanation based on the analogies 
forces, a mode of manifestation of energy of w 
chemical force appears to partake, as the very ] 
ena of electrolysis indicate. 

If we carefiilly study what we have called 
tinctive features of acids and alkalies, they will 1 
to depend on this, that the hydrogen-atoms of s 
readily replaced only by positive, and the hj 
atoms of alkalies only by negative radicals. 1 
words, with every hydrate the power of easily r< 
its hydrogen-atom is only enjoyed by those 
which are opposite in their electrical relatione 
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radical which the hydrate abeadj contains. This will 
be found to be the one characteristic to which all that 
is peculiar to either acid or alkali can be referred, and 
if we can explain this we have explained all. 

The explanation we would offer is as follows : The 
oxygen-atom with its two bonds, -0-, is in a condition 
fiimilar to that of a bar of soft iron, susceptible of mag- 
netism. When we unite the atom by one of these 
bonds with a positive radical, we produce an effect sim- 
ilar to that obtained by placing in contact with one end 
of such an iron bar a powerful magnetic pole. Under 
these conditions, as is well known, the two ends of the 
bar become strongly polar, the farther extremity ac- 
quiring a polarity of the same kind as that of the active 
pole ; and so, in the case of our oxygen-atom, a posi- 
tive radical united at one bond seems to polarize the 
atomic mass, and make a positive pole at its other end. 

ICagnet Bar. 



+ - + 
K-0- 



^^nrthermore, if we bring a lump of nickel in contact 
^th the free pole of an iron bar, in the condition thus 
^^cribed, magnetic attraction will be developed in tlie 
^88 of the nickel, a negative pole will be formed at the 
P^^nt of contact, and the lump will adliere. So, also, 
^e niay suppose that a similar effect is produced on the 
^^ewhat indifferent hydrogen-atom, which, added to 
^•0-, makes up the alkaline molecule — 



+ -+ - 
K-O-IL 



'vastly, if we bring near the now loaded pole of our 
iron bar — to which we will assume there is attached 
as large a lump of nickel as it is capable of holding 
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mation in regard to the grouping of the atoms in the 
radical. Of course, we have sought to discover what 
the structure is, and the result of the investigation is 
most remarkable, for it appears that there are two dif- 
ferent radicals having the same composition and corre- 
sponding to two distinct varieties of butyric acid, which 
differ in their odor, their boiling-point, and other qnali' 
ties, and, further, various reactions show that the atoD>* 
of the radicals are arranged in the two acids as the fc7^' 

lowmg formulae indicate : 

H 

O H H H O H-O-H 

H-0-6-0-0-0-H H-0-6 C-H 

III I 

H H H H-O-H 

NomuU Butyric Add. I 



(Prepared from butter by fermentttioii.) 



Iflobntyric Add. 
(A product of synthesis.) 



There are, therefore, at least three substances having 
the composition C4H8O2. 

Now, by studying in a similar way the whole scheme 
of carbon compounds, and connecting by reactions the 
more complex with the simpler, it has been found pos- 
sible, in a very large number of instances, to deter- 
mine the manner in which the atoms are grouped in 
the respective molecules, and thus to show what the 
variations of structure are which determine the differ- 
ence of qualities in these isomeric bodies. Moreover, 
having discovered how the atoms are grouped, it has 
been found possible, in many cases, to reproduce the com- 
pounds ; and, more than this, chemists have frequently 
been led to the discovery of wholly new bodies, isomeric 
with old compounds, by studying the possible variations 
of the structural symbol. This last fact has such an im- 
portant bearing on our subject, tending greatly to sub- 
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already detected it — ^in that important but small class 
of acids of which, hydrochloric acid is the type. The 
molecules of these compomids consist of a single hy- 
drogen-atom united to a highly-negative radical, and 
- this hydrogen-atom has the same susceptibility of re- 
placement by positive radicals, which is the essential 
characteristic of the acid hydrates we have been study- 
ing. These molecules contain no oxygen, and how, 
you may ask, can the theory of the constitution of acids 
and alkalies we have been expounding apply to them ? 
The only answer we can give is, that they appear to 
present a simpler type of polarity, to which, though 
^uilike magnetism, we have a parallel in the phenomena 
^f electricity. 

Take, for instance, the molecule of hydrochloric 

^d, HCl, the best example of its class. In this the 

^orine-atom seems to have a single pole, which is 

®frongly negative, and by its influence there appears 

* ^ be induced an opposite pole, also single^ in the atom 

^^ hydrogen. If, now, we bring near to this binary 

S^oup an atom like Na, which, either has by itself, or 

^® capable of acquiring by induction, a higher degree 

^f positive polarity than H, then the chlorine pole drops 

*^e H and takes the Na. 

In the polar condition thus developed, the two op- 
l^Osite poles are on different atoms, and not only are 
^<le two atoms separable, but the positive or negative 
^^irtue appears to be inherent in the atom, and is trans- 
ferred with it. A magnetic pole, on the contrary, is 
Always associated with its opposite on the same mass of 
^etal, and, if fhe mass is divided, two poles are found 
^n each of the fragments, and so on indefinitely, however 
Tar the division may be carried. In the phenomena of 
statical electricity, however, we have a well-defined 
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condition of polarity, to wliich the example of chemism 
we have been just discussing appears to be closely al- 
lied. If a pith-ball, electrified positively (or vitreoiw- 
ly), is brought near a similar ball electrified n^atively 
(or resinously), they attract each other, and the one b^ 
comes the pole of the other. If, now, the two are sep- 
arated, each carries with it its electrical charge, and 
the peculiar virtue it has in consequence of that charge. 
But, though the two poles may thus be separated, and 
cease to have any relation to each other, yet they do 
not become isolated in any proper sense of that term, 
for each of the electrified bodies draws, by induction, 
an electrical charge, opposite to its own, to the extrem- 
ity of the nearest conductor, and this charge becomes 
a new pole. An isolated pole is, in fact, a contradic- 
tion of terms. Polarity implies an opposition of rela- 
tions, which involves two poles, and electrical polarity 
diflers from magnetic polarity chiefly in the circum- 
stance that the two poles are separate bodies. The mag- 
netic poles are the ends of a polarized bar of iron, while 
the electrical poles are the boundaries of a mass of po- 
larized dielectric, usually air, which intervenes between 
the oppositely electrificMi bodies ; and every charge of 
electricity is just as closely associated with an opposite 
charge resting on some conductor beyond the insulating 
dielectric, as one magnetic pole accompanies the other. 
Now, it is worthy of remark that this indissoluble 
association of opposite poles, which we must expect to 
find in chemical phenomena, if chemism is, as we sup- 
pose, a polar force, is actually manifested in a striking 
class of facts. The univalent atoms which, like those 
of chlorine or sodium, act as single poles, are never 
found isolated, but are always associated in a mole- 
eale with at least one o\.\i'et aAAm^hich forms the op- 
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pofiite pole of the molecular system, and, although the 
two poles of a molecule like HCl can be readily sepa- 
rated, the atoms do not remain isolated, but immedi- 
ately form new associations, as in this very case, where 
the atoms of hydrogen pair off into molecules of hy- 
drogen gas (H-H), and those of chlorine into molecules 
of chlorine gas (Cl-Cl), which are polar systems similar 
to those destroyed. On the other hand, bivalent atoiiiB, 
like those of mercury or zinc, which have two poles, and 
may, therefore, constitute a complete polar system, each 
by itself, are sometimes found isolated, and form that 
dass of molecules, previously described, in which the 
molecules consist of single atoms. The phenomena of 
quantivalence, also, which are such a characteristic feat- 
ure of what we may now call chemical polarity, have 
their parallel in the phenomena of multiple poles, so 
familiar in magnetism, and may be caused by the same 
polar force acting through atoms of different shapes, 
and susceptibility to its influence ; and the fact already 
referred to, that, in the variations of quantivalence, two 
bonds always appear or disappear at a time, is a strong 
confirmation of this theory ; for, as has been said, one 
pole implies an opposite of equal strength, and the two 
must stand or fall together. It would be a further con- 
sequence of the theory that, although atoms of any 
even degree of quantivalence (artiads) might become 
isolated in molecules, those of an uneven degree (pcris- 
sads) could not ; and this also we find to be true so far 
as observation extends ; but the number of elementary 
substances whose molecular weight has been directly 
determined is comparatively small, and those whose 
molecules are known to consist of single atoms, al- 
though all artiads, are only bivalent. 

ReturDiD^ now for a moment to the simp^® *ype of 



I 



272 BLECTBO-CHBIUCAL THSOBT. 

polari^ precootod by the molecule H-CI, let me call 
yoQT atteutiun to tkc tact that the polarity of the onli- 
iiary acid bjdrates is but a modified form of the eim- 
jiIeT ty\>e, and thia will be obvious od comparing the 
Byiiil>ol of liydrocbloric acid with that of h^'pochloroos 
acid, from wbicb it differs only l>j an atom of oxrgen : 

k-Cl U-'o-CL 



Tou will Dodce that the atoms H and CI are the poles 
of both eystems, and that the osj-g<?n-atom in the last 
is analogous to an armature between twa magnetic 
poles, or, perhaps, more closely to a prime conductor^, 
between two oppositely-electrified balla : 

© (- 'i © 



IlypochlorouB acid illustrates tliis relation more e 
ingly than nitric acid, our previous esample of t 
class of compounds, but it is not nearly so stable a si 
stance, and has never been obtained in a pure condi- 
tion. Kitrie acid differs from hypochlorous acid in con- 
taining a compound in place of a simple radical— 



>ndi- 
con- 

i 



and the presence of componnd radicals, often very com- 
plex, in the molecules of all the well-marked acids, ne- 
cessarily increases the difficulty of interpreting their mo- 
lecular structure, since the symbols may frequently be 
grouped in several ways without violating the principles 
of qnantivalence. Our theory of the molecular etruct- 
uro of acid hydrates cannot, tberefore, afford to waive 
the important evidence in its favor which has been ob- 
tained from recent investigations, and, as I am anxious 
to establish it on Bodi a turn t«im4a.\.\iiTi. \lM.t it may be 
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It as a basis in our further investigations of uio- 
' leenlar structure, I must ask you to listen patiently tg 
the few additional points I have to present. 

Tiie element carbon forms, with oxygen, besides the 
(ompound carbonic dioxide, which we have already 
stndied, a second compound, called carbonic oxide, 
ffhiel) has the symbol OO, In this molecule two of 
the bonds of the carbon - atom are unemployed, or, 
rather, neutralized by their mutual attraction. Hence, 
these molecules are very much in the same condition 
M the Atoms of mercury or zinc, when acting as mole- 
cules, and, like them, the molecule CO can enter into 
direct combination, as a bivalent radical. Striking in- 
etmces of such combination are tho formation of plios- 
gene gaa by the direct union, of carbonic oxide with 
chlorine gas, under the mfluenee of sunlight, and tho 
burning of carbonic oxide, when the same molecules 
niutewith an additional atom of oxygen to form car- 
bonic dioxide : 

O 
,00 + 01-C 



Now, if potassic hydrate, K-O-H, is gently heated 
'D »n (itmoHphere of carbonic oxide, a slow but regular 
ahjorption of the gas takes place, and the potassium 
salt of a well-known acid, called formic acid, is the re- 
sult, and, from a mixture of this salt with sulphuric acid, 
we can readily distill off the acid itself. Formic acid 
™iig volatile, we can determine with certainty its 
molecular weight, and, since an accurate analysis is also 
P<*8ible, there is no doubt whatever that lie symbol 
"vJiG expresses the exact composition of its molecule. 
finthow are these atoroB arranged '( A.8 data fct eolv- 



I 
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Tlie carbon -atoms being quadrivalent, they iiutf 
unite with each other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
are thus dosed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the opposite page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela- 
tion between the several radicals thus formed. Each 
group of carbon-atoms can have a maximum qnantiva- 
lence of 2n + 2 (the letter n denoting the number of 
carbon-atoms in the group), and from this maximon^ 
the qaantivalence may fall off by two bonds at a tim^ 
until it is reduced to zero. Thus we have for the six- 
atom group a maximum of 14 ; but the same group 
may also have a quantivalence of 12, 10, 8, 6, 4, or 2. 

The symbols, however, given in the table do not by 

No. 1. 

2. 8. 

I I 

1. -0- -0- 

I I I I I III III 

_0-0-0-C-C- -0-0-0- -0-C-O 

I I I I I III III 

-0- -0- 

i i 

No. 2. 

1. 2. 

lilt I I I I 

-0-0=0-0- 0=0-0-0- 

1 I I I I I i I 

8. 4. 

II \ / \ / ' 

0-0 • '/O- 

II. / \ / \ -0-0^ • 

-0- • ^0- 

I / \ I 

any means exhaust the possibilities of combination 
with the given number of carbon-atoms ; for further 
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fiive and abimdant evidence. We need call, however, 
bnt a single class of witnesses. Formic acid is the first 
of a series of volatile acids, and the molecules of the suc- 
cessive compounds which form the steps of this series 
differ from each other by the common difference 0112. 
The second member of the series is acetic acid, which, 
in a diluted condition, is used as a condiment with our 
food under the name of vinegar. The composition of 
pure acetic acid is represented by the symbol H4O2C2, 
and the molecule of this acid, therefore, contains four 
atoms of hydrogen. But of these only one is replaceable 
—as in formic acid — and the same is true of all the acids 
of this class, although the molecules of the last member 
of the series contains no less than sixty hydrogen-atoms. 
Moreover, acetic acid — like formic acid — contains two 
atoms of oxygen, and two corresponding atoms — and 
only two — appear in the molecules of all the other 
members of the same series. Add now the further:, 
fact, which will be illustrated more fully hereafter, that 
several of the compounds in the series have been pre- 
pared from formic acid by processes which show that, 

if the radical 

O 

H-0-0- 

exists in the molecule of this, the first member of the 
series, it must also form a part of the molecules of all 
the other members, and you will be prepared, I think, 
to answer the question proposed above. The facts stated 
Diay be almost said to prove that in all these molecules 
one, and only one, atom of hydrogen is united to the 
radical by an atom of oxygen, and this must be the sin- 
gle atom which in all these compounds is susceptible of 
replacement. We may, therefore, write the symbol of 

formic acid — + -+ - 

H-O-(OOH), 



TKBOET. 

izA lYCurdi the mokmle a* baring % pokr condition 
like i2^ VY asxr&Gted to the molecule of nitric acid. 

Har«« i^jen. ii a weH-marked acid, in regard to the 
fcrofsuv ^/ wix<ee mdecnle there can be no reafionable 
d:«l4« azid ibe eondiiaon we bare readied in r^ard 
t'.* it bi^raxKiises comjdeCelj with that we bad pre- 
TioQ&tT formed in F^ganl to the stmctore of the mole- 
cule <k niui.' acid on wboUr different gronnds. Such 
a CL*ncarrenee of tesdmony gireB us great confidence 
in the ihe%:*nr we bare advanced in r^ard to the con- 
stiti;:ion of tbi^ daas of eobetanoes, and we may cer- 
tainlj accept it as a trcstwortbT guide in the further 
prv>secution of our study. 

It will not^ of course, be for a moment inferred 
that we regard the argument now conduded as demon- 
strative. We have been advocating what we have 
expressly called a tbeoiy, and all we claim is that the 
evidence advanced is sufficiently condusive to render 
the theory credible, and that the theory is of great val- 
ue, both by giving us a more comprehensive grasp of 
the facts with which we have to deal, and by helping 
us to associate the supersensuous phases of molecular 
action with the visible phenomena of magnetism and 
electricity. 

Having then stated, as fully as the circumstances 
will permit, the evidence on which our theory of the 
constitution of acids and alkalies rests, in the case of 
a few of the simpler of these compounds, I must, as 
regards the molecular structure of the more complex 
compounds of the same type, content myself with mere- 
ly stating results, only premising that the condusions 
rest on evidence similar to that already adduced. 

Beginning with the series of volatile adds, of which 
formic and acetic acids are members, let me first call 
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your attention to the following symbolB, which, as we 

believe, represent the molecular structure of these 

bodies: 

O 

Formicacid H-O-(0-H) 

O H 
I I 

Aceticacid H-0-(0-0-H) 

H 

o H n 

Propionic acid H-O-(O-O-O-n) 

H H 

O H H H 

l^onnal butyric acid ... . H-O-(O-O-O-O-fl) 

III 

H H H 
O H H H H 

\T I I I I I 

Jfonnal valeric acid H-O-(O-O-O-O-O-n) 

I I I I 
H n H H 

^" the above compounds have been thoroughly inves- 
^BM, and all the symbols given above rest on as 
®^0(1 evidence as the first. All these compounds have 
*^6 same general structure, and the same system of 
Polarity, as the simpler hydrates, and they may be re- 
dded as derived from formic acid by successive sub- 

^%tions of 

H 

I 
H 

*^^ the final hydrogen-atom of the negative radical. 
^stly, notice the binary group, H-0-, which plays such 
^^ important part in these and all similar molecules, 
■''iifi group of atoms, or radicals, has been named hy- 



2M BOXEBfilL 

miUxm in regard to the grouping (rf tiie atomsinttft 

ndicaL Of ooone, we bave foog^ to disooYor witft 

the stmctore is, and the resoh of the investigatkmis 

most remarkable, for it appears that thoe are two dif* 

ferent radicals haring the same oompodtion and cone* 

sponding to two distinct Tmrieties of butyric add^wbidi 

differ in their odor, their boiling-point, and other qos^ 

ties, and, further, Tarions reactions show that the atoii^ 

of the radicals are arranged in the two adds as the i^ 

lowing formolse indicate : 

H 

O H H H O H-O-H 

H-O-C-C-C-C-H H-O-6 C-H 

III I 

H H H H-C-H 

HoniMl Botjrie Acid. I 

(PKfMred ftom tatter bj fa ii wtitic ) H 

iMtatyrie Add. 
(A product of syntheas.) 

There are, therefore, at least three substances having 
the composition C4H8O2. 

Now, by studying in a similar way the whole scheme 
of carbon compounds, and connecting by reactions the 
more complex with the simpler, it has been found pos- 
sible, in a very large number of instances, to deter- 
mine the manner in which the atoms are grouped in 
the respective molecules, and thus to show what the 
variations of structure are which determine the differ- 
ence of qualities in these isomeric bodies. Moreover, 
having discovered how the atoms are grouped, it hafi 
becni found possible, in many cases, to reproduce the com- 
pounds; and, more than this, chemists have frequently 
boon led to the discovery of wholly new bodies, isomeric 
with old compounds, by studying the possible variations 
of the structural symbol. This last fact has such an im- 
portant bearing on our subject, tending greatly to sub- 



\ 
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The molecule of common slacked lime, calcic hydrate, 
has a similar slructure : 

H-O-Ca-O-H. 

Cakie Rfdiafm. 

These two hydrates are both alkaline, but there are 
corresponding acid hydrates, among which are num- 
bered the two Terr important chemical agents calletl 
snlphmic and oxalic acids, whose molecules are sujv 
posed to have the structure indicated by our diagrams : 



o 

1 




( 1 


H-0-S-O-H 

I 

o 

fo^ilnnie Acid. 


H-0-C-C-O-H 

OzalkAdd. 



Compounds like the last four are said to be diatomic ; 
for there are in each case two hydroxyl groups, and 
therefore two easily-replaceable atoms of hydrogen, and 
this is shown, in the case of the acids, by the fact that, 
when wholly or one-half neutralized with caustic soda 
or potash, they give two different salts, in one of which 
the whole, and in the other only one-half, of the hy- 
drogen of the acid is replaced. Thus, we have — 

O O 

H-O-S-O-Na Na-0-S-O-Na 



o o 

Hydroflodic Snlpluite. Disodic Sulphate. 



Soals' 



O O 

H-0-C-C-O-K K-0-O-O-O-K 

Hjdropotassic Oxalate. Dipotassic Oxalate. 

B, however, we neutralize these dibasic acids with 
rnagnesic or calcic hydrates, we can obtain but one 
product, because the bivalent atoms Mg and Ca replace 
the two hydrogen-atoms at once. The salts thus ob- 
tained have the symbols : 
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/O-O-O 



• 0\ayO Oa;^ I 



MagnMki Bolphate. Qddc Oxalate. 

It may, perhaps, avoid some confosion to repeat 
here the remark abready made, that the position or 
groaping of the symbols on the diagram is wholly ar- 
bitrary beyond the relations which the dashes indicate.- 

Pass next to hydrates which contain three hjdroxyl 
groups, and are, therefore, said to be triatomic. Of 
these we shall only cite two examples : 

H H 

I i 

O O 

n-0-B-O-H H-0-P-O-H 

BortoAdd. I 

O 

Pbosjkliorio Add. 

The triatomic character of phosphoric acid is shown ^^ 
the fact that it can be nentraUzed by caustic soda ^ 
three successive stages, and gives three compounds, cr^ 
of which contains no hydrogen, and the others resp^^^ 
tively one-third and two-thirds as much as in the corr^^^^^ 
sponding quantity of the acid. The names and symbo '"^ 
of these salts are as follows : 

Na,HO,_=PO H,Na,=0,iPO H,,]S^a=0,=PO 

Tiisodic Phosphate. Ilydrodisodio Phosphate. Dihydrosodic Phosphate. 

This abbreviated form of notation can be easily under- 
stood, and requires no ftirther explanation. It saves 
space in printing, and gives all the data required for 
constructing the graphic symbols. 

Of hydrates containing four hydroxyl groups, there- 
fore, tetratomic, the most familiar is silicic hydrate — 

n-OvQ./0-H 
H - 0/^Ko - H 

^ut this substance is very unstable, and hitherto it has 
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been impossible to prepare it of constant compoBition. 
The instability i8 due to a cause which is inherent 
in many of the more complex molecular Btructures. 
Wherever there is a tendency in tlie atoms to group 
themselves, so as to better satisfy their mutual affini- 
tieB, a slight cause ia sufficient to destroy the balance 
of forces on which the existence of the molecule de- 
pends, and the structure breaks up into simpler parts. 
The explosion of nitro-glycerine was a conspicuous ex- 
ample of this principle, and we have, in these complex 
hydrates, another illustration of the same. It is evi- 
dent, from the very great amount of heat evolved in 
the direct union of oxygen and hydrogen gases, that 
the molecules of water are in a condition of great sta- 
bility, and the hydrogen and oxygen atoms, which are 
associated in such numbers in the molecules of the 
more complex'liydrates, are constantly tending to this 
condition of more stable equilibrium. Indeed, these 
compoimde give off water so readily, either spontane- 
onaly or at the slightest elevation of temperature, that 
they were formerly supposed to contain water, as such, 
Md hence the name hydrates (from v^cop, waUr), which 
has heen retained in our modern nomenclature, al- 
thoagh with a modified meaning. 

Since the number of oxygen and hydrogen atoms 
'n the several hydroxyl groups united to the radical of 
^flydrate must necessarily be the same, it follows that 
'he formation of every molecule of water must be at- 
tended with the liberation of an atom of oxygen, and, 
i^hen a hydrate breaks up, these atoms frequently unite 
^n the radical to form compound radicals of lower 
^nanti valence. Thus we have formed from the normal 
siliuie hydrate, by the elimination of successive mole- 
'J'des of water, the following products : 



I 
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sent these results as they have been fonntdated by onr. 
theory of atomic bonds ; for, without the aid of these 
formute, we cannot either think or talk clearly about 
the subject. 

The one characteristic of carbon on which the great 
complexity and variety of its compounds depend is, the 
power which its atoms possess of combining among 
themselves to an almost indefinite extent. As a rule, 
chemical combination takes place readily only between 
dissimilar atoms. It is true that we have met with 
many examples of the union of similar atoms, as in the 
molecules of several of the elementary gases, like — 

H-H a-01 0=0 N=N 

HTdrogeii Gm. Chlorine Gm. Oxjgen Gas. mtrogen Gas. 

So, also, in the compounds — 

01 01 O 

01-Fe-Fe-a and Al-Al 

01 01 00 

Fenio Chloride. Ahimiiiic Oxide. 

and likewise in 

O 

a-Hg-Hg-01 and Ou-Cu 

MercurouB Chloride. Caproos Oxide^ 

two atoms are united by a single bond, forming a bi- 
nary group, which is the radical of the metallic com- 
pound. But, in all these cases, the power of combina- 
tion is very limited, admitting the grouping together 
of only a very few atoms at the most, and generally of 
only two. The carbon-atoms, however, not only unite 
with each other in large numbers, but form groups of 
great stability, which, in organic compounds, take the 
place of the elementary radicals of the mineral king- 
dom. Let us begin, then, by constructing these radi- 
cals: 
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The table might be extended indefinitely. It is true 
that not every member of these series is even theoreti- 
cally a possible compound ; bnt, by attempting to write 
the symbols in the more graphic form, those cases in 
which the atoms cannot be gronped in a single mole- 
cule will be readily distinguished. 

We have in this glass a solution of sodic silicate, 
which is commonly called soluble glass. On adding to 
the solution some muriatic acid, you notice that there 
is at once formed a white, bulky, gelatinous mass. 
This is supposed to be the normal silicic hydrate, but, 
when we attempt to wash and dry the substance for 
the purpose of analysis, it begins to lose water, and 
we have found it impossible to arrest the change at any 
definite point. In the process of drying, the various 
hydrates, whose symbols we have given, are probably 
produced, but only as passing phases of the dehydra- 
tion, and these symbols would be wholly ideal w^erc it 
not that, on replacing the hydrogen-atoms by metallic 
radicals, we obtain products of great stability. The 
compounds to which I refer are the mineral silicates 
that form so large a part of the minerals and rocks of 
the globe. The two following well-known, although 
not abundant, minerals correspond, for example, to the 
normal hydrate and its first anhydride respectively : 

Mg(o)S^No)^S Ca(g)Si = 

Magnesia Chiysolite. 'Wollastonitc. 

and the symbols show that the molecular structures we 
have described above are realized in these natural prod- 
ucts if not in the hydrates. The molecular structure 
of some of our most common minerals, such as feldspar 
and garnet, corresponds to that of some of the most 
complex hydrates, with radicals consisting of several 
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The carbon -atoms being quadrivalent, they mflf 
unite with each other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
are thus dosed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the opposite page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela* 
tion between the several radicals thus formed. Each 
group of carbon-atoms can have a maximum quantiva- 
lence of 2n + 2 (the letter n denoting the number of 
carbon-atoms in the group), and from this maximum 
the quantivalence may fall oflF by two bonds at a time 
until it is reduced to zero. Thus we have for the six- 
atom group a maximum of 14 ; but the same group 
may also have a quantivalence of 12, 10, 8, 6, 4, or 2. 

The symbols, however, given in the table do not by 





No. 1. 










1 1 

-0-0 

1 1 


2. 

1. 

Ill II 

.0-0-0- -0-0- 

III II 


1 

0- 

1 

0- 

1 

-0- 

1 






8. 

1 

-0- 

1 1 1 
-O-O-O 

1 1 1 

-0- 

1 


• 


No. 2. 

1. 

1 1 1 1 

-0-0=0-0- 

1 1 1 1 


1 

= 

1 


1 



1 


2. 

1 

-0- 

1 


1 

0- 

1 


8. 

-6- 

1 1 

= 

1 1 . 

-0- 

1 


4. 

\ / 



\ / \ / 



/ \ / \ 










6. 

1 

1 I/O 

-0-0 • 

• ^0 

1 



^^y means exhaust the possibilities of combination 
^ith the given number of carbon-atoms ; for further 
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i I 

GO OO 



CD 
GaoMt (lime AkuniiiaX 

o 

Si-O-Si 

o o o o 

K-O-Si-O-Al-Al-O-Si-O-K 

o o o o 

Bi-O-Si 
O 

Fddspar (OrthoeLue). 

In arranging these symbols for our diagrams, we natu- 
raOj seek a symmetrical disposition ; but it must not be 
forgotten that every thing beyond the number of atomic 
bonds, and the relative position which the dashes indi- 
cate, is purely arbitrary. 

I have dwelt at this length on the theory of the 
acid and alkaline hydrates, because it is just here that 
the distinction between the new-school and the old- 
Bchool chemistry chiefly appears. The dualistic theory, 
which originated with Lavoisier, and was extended and 
illnstrated by Berzelius, was based on the very class 
of facts we have been studying in the two preceding 
lectures of this course. At the time of Berzelius, the 
elements, the acids, the alkalies, or bases, and the 
large class of compounds called salts, made up very 
nearly the whole of chemistry, and, of the facts then 
known, the dualistic theory gave a satisfactory explana- 
tion. It was the natural outgrowth of the discovery 
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of oxygen gas, that universally-diffiised element with 
which all other elementary substances combine, and of 
whose compounds almost the whole of terrestrial Nature 
consists. Lavoisier inferred that oxygen must be the 
chemical centre in the scheme of Nature, and he there- 
fore made its compounds the basis of a new classifica- 
tion, which, subsequently, Berzelius greatly systema- 
tized and improved. In this classification the com- 
pounds of the elements with oxygen were! divided into 
two classes : Those which, when dissolved in water — 
combined with it we should now say — gave an add re- 
action, were called acids ; while those which, under the 
same circumstances, gave an alkaline reaction, were 
called bases. It was known then, as well as now, that 
these reactions could not be obtained without the pres- 
ence of water, and that the larger part of the oxides, 
being insoluble in water, do not give the reactions at 
all ; but, then it was supposed that the water acted 
only through virtue of its solvent power, that some 
other solvent would do as well, and that the insoluble 
oxides would give the same reactions if only an appro- 
priate solvent could be found. Hence, these insoluble 
oxides were classed with the acids or bases, according 
as they combined most readily with bases or acids re- 
spectively. The insoluble SiOa combined with soda, 
like the soluble SO3, and hence was classed with it as 
an acid. So the insoluble FeO combined with sulphu- 
ric acid, like the soluble CaO, and hence was classed 
with the last .as a base. Again, the neutralizing of an 
acid by an alkali had all the appearance of direct combi- 
nation, and, in all these processes, the acid oxide was as- 
sumed to unite with the metallic, or basic, oxide to form 
what was called a salt. The presence of the water, and 
the fact that it facilitated the chemical change, were not 
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gnored, but, as before, it was supposed to act in virtue 
>{ its solvent power, and a sufficient number of cases 
were known where the same compounds could be ob- 
tained with and without the aid of water to render this 
opinion not improbable. Take a single example : Phos- 
phate of lime may be made in two ways : first, by add- 
ing to a solution of lime in water a solution of phos- 
phoric acid : 

(8CarO,=H, + 2H,50tsP0 + Aq.) = 

Oa.'^O.'^CPO), + (6n-0-H + Aq.). 

Secondly, by uniting lime, the oxide of the metal cal- 
cium, directly to P2O5, the oxide obtained by burning 
phosphorus ^age 185) : 

80aO + P,Ot = 80aO,P,Of, or Oa«"Oe"(PO),. 

In the last reaction there is no water present, and the 
^t reaction was formerly supposed to be a case of 
similar direct union between CaO and P2O5, the only 
difference being that the two oxides were in solution : 

8(0aO,HaO) + 3H30,P90. = 3CaO,Pa06 + eHaO. 

Accordingly, it was customary to write the symbols 

^® in this last reaction, separating the acid from the 

**^sie oxide by a comma. Here are a few other exam- 

CaO,SOs FeO,SO, ZnO^NaO*." 

Sulpbate of Idme. Sulphate of Iron. I^itrate of Zinc. 

As expounded and illustrated by Berzelius, the 
^^listic theory had the charm of great simplicity, and 
^S greatly strengthened by the electro-chemical facts 
Aich he brought forward in its support. The division 
^ the elementary substances into electro-positive and 
'^ctro-negative elements corresponded very closely to 

* To avoid confusion, aU our symbols stand for the new atomic 
lights, and this must be remembered in comparing these formulae with 
^^se in the old books. 
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the diBtmctioD between metals and metalloids. Bases 
were compounds of electro-poEitive elements witii oxy- 
gen ; and acids, on the other liand, tlio oxides of electro- 
negative elements. Again, among these binary com- 
pounds the basic oxides were electro-positive, and the 
acid oxides electro - negative. Moreover, the wider 
apart In their electrical relations, the gtronger was Been 
to be the tendency of both the elements and of their 
oxides to combine, and, jnst as the metals nnited to 
metalloids, bo bases nnited with acids. Thus was formed 
the class of ternary compounds, called, as above, salts.' 
Among these, also, conld be distinguished a similar op- 
position of relations, although leas marked, to that be^ 
tween bases and acids, and, from the nnion of two salts^ 
rcsnlted the class of quaternary compounds, or double 
salts. In this way the theory advanced from element- 
ary snbstances to the most complex compounds tlin>ngh 
the snccessive gradations of binaries, ternaries, and qoft- 
temaries ; the elements or compounds only combining 
with substances of the same order, two and two togeth- 
er, like two magnetic poles, or two electrified bodies. 

This dnalistic theory was certainly a most admira- 
ble system, and 6er^-ed the purposes of a rapidly-grow- 

' The word tull was need in chemiatrj tgij CBrly to describe any 
ealine substance resembling eiteraall/ commoQ salt; bat, onder the 
daalUlio ajstem, the term came to be applied tn that elsss of compounds 
which were eapposcd to be formed by the onion of ba?io and acid oxides, 
as described above. Absurdly enouph, however, common salt was thus 
mied OQt of the very class of compounds of which it bud preyionsly been 
regarded as Ibe type, and Bepzeljua, in hia electro-chemical classiBcalion, 
made a distinct family of those Bubstances which resemble common salt 
in th^ chemictil compoaition, and called it the hnlovit. But this name 
— bodia raimMnff «ft— only rendered the anomaly the more glaring, 
and it waa always a blemish on the daalistic system. Ib the modern 
idiemistry, the word lott, although still used as a desciiptiTe name, lus 
BO technlciil meauing. ^^H 
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ing science for more than half a century. We now 
feel assured tliat the old theory undcrvahied essutitial 
GircTimstances, and m]dinteq)reted iniiM)rtant factrt. We 
maintain that hydrogen is an essential, not an accident- 
al constituent of all acida and all alkalies, and that, 
Vhen the alkali is neutralized by the acid, the reaction 
ODQgists in the replacement of this hydrogen, and not 
in the direct union of two oxides. Nevertheless, given 
theoldfiicts, the old theory was logical and conftistent, 
and it is no longer tenable, not because the old facts 
lave changed, but simply because a whole new order 
<^&cts has been discovered by which the old facts must 
le interpreted. During the last twenty-five years tliere 
1^ been discovered a great mass of truths, connected 
^iefly with the compounds of carbon, in what was for- 
jnerly called the domain of organic chemistry, and this 
J8 to-day the most prominent and attractive portion of 
^^ science. Moreover, the law of Avogadro and tlie 
doctrine of quantivalence are two new principles whi(fli 
^^rmodem science has added to the old chemistry, and 
Jliese principles have supplanted the dualistic tlKiory. 
■*^t ns not, however, undervalue the old theory. It 
^^ an important stage in the progress of science, and 
* iioble product of human thought. Theories are 
^^ns, not ends ; but they are the appointed means by 
^lich man may raise himself above the low level of 
J^^^ly sensuous knowledge to heights where his intcl- 
,^ctual eye ranges over a boundless prospect which 
-^is the special privilege of the student to behold. 
,^Tiat though his vision bo not always clear, and his 
^^agination fill the twilight with deceptive shapes 
^^ich vanish as the light of knowledge dawns ; yet, 
^ have enjoyed the intellectual elevation, is reward 
^^ough for all his devotion and all his toil. 
13 
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differenoe. Bodies 80 related are said to be the homo- 
logues of each other ; and of these homologous series, 
so called, no one has been more carefolly studied than 
that of the volatile acids, of which nineteen members 
are known. 

Now, it is obvioos that, as the hydrocarbon radical 
in the series of volatile acids increases in complexity, 
the possibilities of varying the atomic grouping in- 
crease also. Next to butyric acid, C4H8O1, comes va- 
leric acid, OftHjoOj, and, while we had only two butyric 
acids, we can have four valeric acids, whose molecular 
structure is indicated by the foUovidng symbols : 



n n H H 

1 I I I i 

n-o-o-o-o-o-o-H 

i I i I 

11 II H H 

Homud Valeric Add. 



H 
O H H-6-H 

H-0-6-0 6-H 

H H-6-H 
H 

First Isoyalerie Add. 



n 
o n-o-n n 

n I I 

II-O-O C 0-H 

n-o-n H 

I 

II 

Second Isovalerio Add. 



H 

O H-O-H H H 
n .1 It 

H-0-0 O C-O-H 

I I I 

H H H 

Third IsoYnIerlo Add. 



Of these possible modifications of valeric acids, 
l^ointed out by theory, the first three have already been 
identified in the investigations to which the theory led, 
n-nd tlio discovery of the fourth is probably only a ques- 
tion of time. Examples similar to this are already nu- 
'norous and are rapidly multiplying, but I have only 
^^^no to cite one other instance. 
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A compound called cyanic ether lias long been 
Wwn, and its symbol was always assumed to be — 

(0,H.)-O.CfeN, 

ftfter the analogy of the other ethers ; that is, it was 
assumed to contain the compound radicals, ethyl, C2II5, 
Mid cyanogen, CN, united through an atom of oxygen. 
But, as is obvious, we may, without changing the radi- 
cal ethyl, group the other atoms thus : 

(O.H»).N<K), 

&nd, on searching for this substance, an isomer of the 
fiQpposed cyanic ether was actually obtained, and called 
cyanetholine. Very singularly, however, further inves- 
^gation proved that the new compound was the real 
cyanic ether, and that the old one had the constitution 
J^presented by the last symbol. Evidently, then, we 
^6 not infallible ; but the very mistake has been in- 
structive ; for, in detecting and correcting the error, 
^e have the more clearly shown that our methods are 
trustworthy. 

I hope I have been able to give some general no- 
tions of the manner in which we have obtained our 
feowledge of the grouping of the atoms in the com- 
pounds of carbon. More than this cannot be expected 
^ a popular lecture ; for, so interwoven is the web of 
evidence on which the conclusions are based, that, to 
enter into full details in regard to any one of the more 
complex compounds, would be wearisome, and the work 
is much better suited for the study than the lecture- 
room. Indeed, I fear that I have already imposed too 
great a burden on your patience ; but, if you have fol- 
lowed me thus far, you will be interested in some of 
the results which we have reached, and which you are 
now prepared to understand. I must necessarily pre- 
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Eomctimes even exceeding one huodred. Csrbon is 
peculiarly the elemt-nt of the orgnniu world, for, leav- 
ing out of view the great mass of water whicb liv- 
ing beings always contain, organized material consists 
almost excluEively of carbonaceonfi compounds. Hence 
these subBtances, with the exception of a few of the 
simploBt, were formerly called organic compounds, and 
in works on cliemisUy they are usually etudied to- 
gether under tlie head of organic chemistry. It was 
formerly supposed that the great complexity of these 
substances was sustained by what was called the vital 
principle; but, although the cause which detemiines 
the growth of organized beings is still a perlect mys- 
tery, we now know that the materials of which they 
consist are subject to the same laws as mineral mat- 
ter, and the comi)Iesity may be traced to tlie pe- 
culiar qualities of carbon. In like manner the notion 
that these so-called organic substances owed their ori- 
gin to Eome mysterious energy, whicb overruled the 
ordinary laws of chemical action, for a long time pre- 
cluded from the mind of the chemist even the idea 
that they could be formed in the laboratory by purely 
chemical processes ; so that, although the anRlysis of 
these compounds was easily effected, the sjTithosis was 
thought impossible. But within a few years we have 
succeeded in preparing artificially a very large nnmber 
of what were formerly snpposed to be exclusively 
organic products ; and not only this, but the processes 
wc have discovered are of such general application that 
we now feel we have the same command over the syn- 
thesis of organic, as of mineral substances. The chem- 
ist has never succeeded in forming a single organic cell, 
■nd the whole process of its growth and development is 
tircly beyond the range of bis knowledge ; bat )taH 
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l^as every reason to expect that, in the no distant future, 
he will be able to prepare, in his laboratory, both the 
loaterial of which that cell is fashioned, and the various 
poducts with which it becomes filled during life. 

The number of elements which enter into the com- 
position of organic compounds being so restricted, it 
» evident that the immense variety of qualities which 
they present cannot be referred solely to the influence 
of the simple radicals which they contain.' Moreover, 
there appears among these organic substances a most 
^markable phenomenon, which, although not unknown 
^ the mineral kingdom, is peculiarly characteristic 
^f these complex compounds of carbon. We are ac- 
^Qainted with a large number of cases of two or more 
wholly diflferent* substances having exactly the same 
imposition and the same vapor density. Here, for 
®^ample, are two such substances : 

The first, butyric acid, is an oily liquid with whose 
®^ell we are only too familiar, since, when formed in 
^licid butter, it imparts to this article of our food its 
I^Uliarly offensive odor. But, though, as the odor 
^^^Mrs, it must slowly volatilize at the ordinary tem- 
^^J^ture, it does not boil lower than 156° C, and does 
?^t easily infiame. Further, as its name denotes, it 
^^ the qualities of an acid, reddening litmus-paper, 
^^d causing an effervescence with alkaline carbonates. 

Utterly different from this offensive acid is the sec- 
^i^d substance, which we call acetic ether, a very lim- 
pid liquid, with a pleasant^ fruity smell, highly volatile, 
Wling at 74*^ and infiaming with the greatest ease. 
Notice, also, that it does not in the least affect the 
colors of these sensitive vegetable dyes. 

Yet, butyric acid and acetic ether have exactly the 

J Compare pages 248 and 262. 
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Tlie carbon -atoms being quadrivalent, they 
unite with each other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
are thus closed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the opposite page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela- 
tion between the several radicals thus formed. Each 
group of carbon-atoms can have a maximum quantiva- 
Icnce of 2n H- 2 (the letter n denoting the nutnber of 
carbon-atoms in the group), and from this maximiu» 
the quantivalence may fall oflF by two bonds at a tiiD® 
until it is reduced to zero. Thus we have for the si^^- 
atom group a maximum of 14 ; but the same grov)? 
may also have a quantivalence of 12, 10, 8, 6, 4, or ^• 

The symbols, however, given in the table do not ^^ 





No. 1. 














2. 


1 








8. 

1 


1 1 

-0-0 

1 1 


1. 

Ill II 

.0-0-0- -0-0- 

III II 


1 

0- 

1 

0- 

1 

-0- 

1 






1 

-0 

1 


1 

-0- 

1 1 

-0- 

1 


• 


No. 2. 

1. 

1 1 1 1 

-0-0=0-0- 

1 1 1 1 


1 

= 

1 


1 



1 


2. 

1 

-0- 

1 


1 

0- 

1 




8. 

-6- 

1 1 

= 

1 1 . 

-0- 

1 


4. 

\ / 



\ / \ / 



/ \ / \ 










1 
-0 

1 


6. 

1 
1/0- 

1 



^^y means exhaust the possibilities of combination 
^ith the given number of carbon-atoms ; for further 
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lUt to pan imcballeDged. It je evident that there ib 
n BU-iniportaDt conditioD which has escaped our eie- 
iaentaz7 aoalTsis. The circumBtances demaud investi- 
gUmo, mud it vonld be a disgrace to our science not to 
att«iipt to answer the question. Can you wonder, 
thai, that, for the past ten jears, a great part of the 
iateHectnat force of the chemiBts of the world has been 
apfdied to the problem, and ia this conrse of lectures I 
kne been endesvoring to present to jou the result 
diejr bare reached. The answer thej have obtained 
il^ tfiat the difference of qualities depends on molcca- 
hr itnietare, and that the same atoms arranged in a 
iBBenat order ma; form molecules of difierent sub- 
rtMCBO having wholly different qnallties. liut they 
lore gained more than this general result. 

Tbese isomeric compounds, as we call them, when 
acted on by chemical agents, break up in very different 
wsyg, and, by studying the resulting reactions, we are 
freqaently able to infer that certain groups of atoms 
(or compoond radicals) are present in the compounds, 
because we know that they exist in the products which 
tiiew compoands respectively yield ; our knowledge of 
the structure of these very radicals probably depending 
On yet other reactions, by which they again may be re- 
wired into still simpler groups. 

Thus, for eKample, if we act on acetic ^her with 
potaaeic hydrate, we obtain two products, potaauc ace- 
tate and common alcohol. Now, we know that alcohol 
hag the' symbol CjEIyO-H and contains the radical 
CiHfc which we call ethyl. Farther, we know that 
potassie a<?etate has the symbol K-0-(C^O) and con- 
tains the radical 0,11,0, which we call acetyl. Hence jj 
we infer that the ether contains both of these gronp^ I 
^n^ tbat its symbol must be C^fOX^^&fi. Tbe nao- M 
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tion obtained with potassic hydrate is, then, seen to 
coimist in a simple metathesis between K and C2H5. 



C,H..O-C,H,0 

Aeetle Ether. 

K-O-H 



K-O-C,H,0 

PotaMic Acetate. 

CaH»-0-H 
AkohoL 



Passing next to the radical ethyl C2H5, we can show 
that it may be formed in a compound which contains 
the radical CHa, called methyl, by substituting for on© 
of the hydrogen-atoms of this radical another group o( 
the atoms CIIj, thus : 



H 

II-6-X 

II 

FInt Methyl CompooDd. 

H 

n-6-Y 

I 

n 

Second Methyl Compound. 



H H 

H-0-6-X 

I I 

H H 

Ethyl Compound. 



H-Y 

Hydrogen Componnd. 



In this assumed reaction the terminal hydrogen- 
atom of the first methyl compound changes place with 
tlie methyl radical of the second, thus producing the 
compounds in the second column. Such a reaction can 
actually be produced with a variety of substances, and 
these symbols may be supposed to stand for any of the 
substances between which the reaction is possible. We 
use X and Y, instead of writing the symbols of definite 
compounds, in order to confine the attention to the 
change which takes place in the radical alone. 

In reactions of this kind we form the radical ethyl 
in Bueh a way as to leave no doubt whatever in regard 
^^ its structure, and in a precisely similar way we have 
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ply take two of the numberless carbon-radicals, which 
ftre theoreticaUy possible, and show how from them a 
Bet of familiar organic products can be derived. Let 

tibe two be the radicals represented in this diagram : 

I 


-C 0- 

I I 

III -00- 

_o-o-o- \ • 

III 

To such carbon-skeletons a large number of different 
elementary atoms and compound radicals can be attached 
hy various chemical processes ; but the number of tlioso 
visually met with in organic compounds is very limited, 
and only the following will be considered in this con- 
i^eetion, namely : 

H_ -O- TT-O- ^"^N"- ^^N"- 

Hydrogen. Oxygen. Hydroxyl. Amidogen. Nitryl. 

Indeed, by doubling this number, we could obtain the 
Materials for constructing nearly the whole scheme of 
Modern organic chemistry. 

Beginning, then, with the nucleus - C - - -, let us, 

I I I 

*^ the first place, satisfy all the open bonds with hydro- 
S^-atoms. The result is — 

H H H 

I I I 

H-0-O-O-H 

I I I 
H H H 

PropyUo Hydride. 

^ combustible gas, which is found mixed with numer- 
ous other compounds of the same class in our petrole- 
tun-wells. Propyl hydride is the third in a series of 
homologous compounds, of which no less than nine 
have been identified in our Pennsylvania petroleums. 
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differenoe. Bodies so related are said to be the homo- 
logues of each other ; and of these homologous series, 
so called, no one has been more carefully studied than 
that of the volatile acids, of which nineteen members 
are known. 

Now, it is obvious that, as the hydrocarbon radical 
in the series of volatile acids increases in complexity, 
the possibilities of varying the atomic grouping in- 
crease also. Next to butyric acid, C4Hg02, comes va- 
leric acid, OftHjoOj, and, while we had only two butyric 
acids, we can have four valeric acids, whose molecular 
structure is indicated by the following symbols : 



O H n H H 

I I I I I 

H-O-O-O-O-O-O-H 

(III 

H H H H 

Homud Valerie Add. 



O H H-O-H 

H-O-6-0 C-H 

H H-O-H 
H 

FbBt Ifloralerie Add. 



H 
O H-C-H H 

H-0-0 C 0-H 

H-O-H H 
H 

Second Isovalerie Add. 



H 

O H-O-H H H 
I .1 II 

H-0-0 0-0-H 

I I I 

H H H 

Third IsoTBletic Add. 



Of these possible modifications of valeric acids, 
pointed out by theory, the first three have already been 
identified in the investigations to which the theory led, 
and the discovery of the fourth is probably only a ques- 
tion of time. Examples similar to this are already nu- 
merous and are rapidly multiplying, but I have only 
time to cite one other instance. 
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Btantiate the general truth of our theory of molecular 
Btractnre, that a few illustrations will be interesting. 
One of these we have already seen, for the isomeric 
modification of butyric acid, we have just been dis- 
ciBBing, was foreseen by theory before it was discov- 
ered, and it is, therefore, an example in point, but 
fliere are many other cases of the kind which are 
equally remarkable. 

Butyric acid is the fourth body in that series of 
volatile acids before mentioned (page 277), of which 
formic and acetic acids are the first and second mem- 
'^rs. It was then said that the molecules of these acids 
^^crease in weight by successive additions of CHg as 
^G descend in the series, and it has been shown since 

H H 

(page 296), that the radical ethyl, -6-6-H, may be 

H H 
H 

^^rived from methyl, - - H, by replacing the terminal 

j^ H 

^ by another methyl group. It is obvious that this 

H H H H H 

w II III 

^^ocess repeated on - - - H would give -0-0-0- n, 

H H H H H 

^^d that the result of successive replacements of the 
^^me kind would be a series of hydrocarbon radicals 
differing from each other by CH2 like the volatile acids 
Mentioned above. Furthermore, it is equally obvious 
"tiat, theoretically at least, the same process might be 
Applied to any compound containing a hydrocarbon 
Radical ; and you will not be surprised, therefore, to 
learn that there are many series of carbon compounds, 
l)etween whose members we find this same common 
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differenoe. Bodies so related are said to be the homo- 
logaes of each other ; and of these homologous series, 
BO called, no one has been more carefully studied than 
that of the volatile adds, of which nineteen members 
are known. 

Now, it is obvious that, as the hydrocarbon radical 
in the series of volatile acids increases in complexity, 
the possibilities of varying the atomic grouping ia- 
crease also. Next to butyric acid, C4H808, comes va^ 
leric acid, CsHjoOj, and, while we had only two butyri-^ 
acids, we can have four valeric acids, whose molecnl^ 
structure is indicated by the following symbols : 



O H H H H 

I I r II 

H-0-O-O-O-O-O-H 

I I I I 
H H H H 

Homud Valerie Add. 



H 
O H H-6-H 

H-O-0-6 6-H 

H H-O-H 

I 

H 

lint Isovaleric Acid. 



H 

O H-O-H H 
H-0-0 C 0-H 

H-C-H H 

I 

H 

Second Isovalerio Add. 



H 
O H-O-H H H 



H-0-0 



J I I 

-0 0-0-H 

I I I 

H H H 



Third Isovaleric Add. 



Of these possible modifications of valeric acids, 
pointed out by theory, the first three have already been 
identified in the investigations to which the theory led, 
and the discovery of the fourth is probably only a ques- 
tion of time. Examples similar to this are already nu- 
merous and are rapidly multiplying, but I have only 
time to cite one other instance. 



CTAKIG ETHSB. 301 

A compound called cyanic ether has long been 
Wwn, and its symbol was always assumed to be — 

(0,n.)-o-cyT, 

tfter the analogy of the other ethers ; that is, it was 
Jtesumed to contain the compound radicals, ethyl, C2II5, 
8ad cyanogen, CN, united through an atom of oxyfcen. 
But, as is obvious, we may, without changing the radi- 
<^1 ethyl, group the other atoms thus : 

(C,H.)-N<K), 

*Q<I, on searching for this substance, an isomer of the 
^^pposed cyanic ether was actually obtained, and called 
^anetholine. Very singularly, however, further inves- 
tigation proved that the new compound was the real 
cyanic ether, and that the old one had the constitution 
^^presented by the last symbol. Evidently, then, we 
^^ not infallible ; but the very mistake has been in- 
active; for, in detecting and correcting the error, 
^ have the more clearly shown that our methods are 
^^tworthy. 

1 hope I have been able to give some general no- 
l^^s of the manner in which we have obtained our 
^Owledge of the grouping of the atoms in the com- 
r ^Xinds of carbon. More than this cannot be expected 
^ a popular lecture ; for, so interwoven is the web of 
^idence on which the conclusions are based, that, to 
^^ter into full details in regard to any one of the more 
^^^plex compounds, would be wearisome, and the work 
^^ much better suited for the study than the lecture- 
^^om. Indeed, I fear that I have already imposed too 
S^eat a burden on your patience ; but, if you have fol- 
lowed me thus far, you will be interested in some of 
^^e results which we have reached, and which you arc 
^^w prepared to understand. I must necessarily pre- 
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The carbon -atoms being quadrivalent, they nu^ 
nnite with each other either by one, two, three, or fonr 
bonds, and the larger the number of bonds which 
are thus closed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the opposite page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela- 
tion between the several radicals thus formed. Each 
group of carbon-atoms can have a maximum quantiva- 
lence of 2n + 2 (the letter n denoting the nutnber of 
carbon-atoms in the group), and from this maximum 
the quantivalence may fall off by two bonds at a time 
until it is reduced to zero. Thus we have for the six- 
atom group a maximum of 14 ; but the same group 
may also have a quantivalence of 12, 10, 8, 6, 4, or 2. 

The symbols, however, given in the table do not by 

No. 1. 

2. 8. 

I I 

L -0- -0- 

I I I i I III III 

_0-0~0-0-0- _C-0-C- -C-C-0 

I I I I I III III 

-C- -0- 

I I 

No. 2. 

1. 2. 

I I I I I I I I 

-0-0=0-0- 0=0-0-0- 

I I I I I I I I 

8. 4. 

-0- ^ . 

II \ / \ / • 

0=0 » '/C- 

/ \ / \ -0-0 • 

I ^0- 

18 exhaust the possibilities of combination 
given number of carbon-atoms ; for further 




CARBON RADICALS. 

Tariariona may be obtained by changing the relatiro 
position of the atoms while retaining the same quan- 
. tivalence. Tlius, the radical (Cb)'" may be constmeted 
in the several ways shown in diagram Ko. 1, and, al- 
though the several radicals thns obtained cODtain the 
same number of atoms, and have the same qiiantivar 
lence, they are fondumentally different. The differ- 
ence conaists, not in the mere grouping of the letters 
on the page, which is purely arbitrary, but in the 
feet that, while in 1 no carbon-atom is imited with 
more than two others, in 2, one of the atome is united 
with three others, and, in 3, with four. As the num- 
ber of atoms in the group increases, the number of 
possible variations must necessarily become very great- 
ly augmented. Moreover, when some of the atoms are 
nnited by double bonds, a variation may be obtained 
by shifting the position of this double bond ns well 
as by varying the position of the atoms with respect 
to each other. This is illustrated by diagram No. 2, 
which shows the possible forms of the group (O4)''''. 
It is unnecessary, however, to multiply illustrations; 
for it is evident that a great multitude of radicals may 
be obtained with even a very limited number of car^ 
bon-atoms, and to attempt to exhaust the possibilities 
would be an endless task. Some of my audience, liow- 
ever, may be interested to study the subject further, 
and I would, therefore, set them as a problem to find 
the number of possible combinations which can be 
made with a group of six carbon-atoms, having a qnan- 
tivalence of twelve. Such investigations are not with- 
out their profit ; for, although many of the possibilities 
may not be realized in Nature, yet the practice will 
give a clear idea of what is meant by an essentially dif- 
ferent structure. It may hei-eafter appear that changes 
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of poBition corresponding to the npper and lower, or 
the left and right hand sides of our diagram, constitute 
really essential variations of structure ; but, although 
there are some facts looking in this direction, we do 
not as jet admit that any such differences are of im- 
portance, and we regard any two groups as the same 
when, by any change that does not alter the relative 
order of the atoms, or the number of bonds by which 
they are united, the two can be made to coincide thus : 

-0- -0- 0-0 

III.. Ill , \/ ^ , 

-0-0-0- IS the same as -0-0-0-, and o 0- the same 



1 1 1 

-0- 
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III 

-0- 
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0- 







0-0 
as 0, 
0-0 


but not the same as 


0=0 

\/ \/ 



/\ /\ 

0=0 


or 


0-0 
• \/ 


0-0 



The radicals thus formed may be regarded as the skel- 
etons of the organic compounds. These carbon-atoms, 
locked together like so many vertebrae, form the frame- 
work to which the other elementary atoms are fisistened, 
and it is thus that the complex molecular structures, 
of which organized beings consist, are rendered possi- 
ble ; moreover, when we remember that, while the ele- 
mentary substance carbon is a fixed solid, the three 
elementary substances, oxygen, hydrogen, and nitro- 
gen, with which it is usually associated, are permanent 
gases, this analogy of the carbon-nucleus to the skele- 
ton of the vertebrate animal becomes still more strik- 
ing. 

Having thus shown how the skeletons may be 
formed, let us next see how these dry bones may be 
clothed. In order to illuBtrate this point, I will sim- 
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ply take two of the numberless carbon-radicals, which 
are theoretically possible, and show how from them a 
set of familiar organic products can be derived. Let 

the two be the radicals represented in this diagram : 

I 


-C 0- 

I I 

XXX -00- 

-C-C-O- \ • 

III 

I 

To such carbon-skeletons a large number of diflferent 
elementary atoms and compound radicals can be attached 
by various chemical processes ; but the number of those 
usually met with in organic compounds is very limited, 
and only the following will be considered in this con- 
nection, namely : 

H- -O- IT-O- ^^'N'- ^^"NT- 

Hydrogen. Oxygen. Hydroxyl, Amidogen. Nitryl. 

Indeed, by doubling this number, we could obtain the 
materials for constructing nearly the whole scheme of 
modem organic chemistry. 

Beginning, then, with the nucleus - C - - -, let us, 

I I I 

in the first place, satisfy all the open bonds with hydro- 
gen-atoms. The result is — 

H H H 

I I I 

H-0-O-O-H 

I I I 

H H H 

Propylic Hydride. 

a combustible gas, which is found mixed with numer- 
ous other compounds of the same class in our petrole- 
um-wells. Propyl hydride is the third in a series of 
homologous compounds, of which no less than nine 
have been identified in our Pennsylvania petroleums. 
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Methjlic hydride H« Gas. 

EthyUc hydride 0.H, 

Propylic hydride CtHs " 

Batylic hydride C4Hi, 32 

Amylic hydride C.Hi, 86 

Uexylic hydride C,Hi« 142 

Ueptylic hydride CrHi, 194 

Octylic hydride C,Hi. 247 

Nonylic hydride CtH,, 303 

The diagram, above, gives their names and boiling- 
points. Our common kerosene is chiefly a mixture 
of hexylic and heptylic hydride, and the light naphthas 
a mixture of amylic and hexylic hydrides. Notice 
here, again, the common difference, CH2, between the 
symbols of any two consecutive members of this series 
of hydrocarbons. 

If, next, we substitute an atom of oxygen for two 
of the hydrogen-atoms which, in propylic hydride, are 
united to either of the terminal atoms of the carbon- 
nucleus, we obtain a compound called propylic alde- 
hyde. This is a member of another series of homo- 
logues, parallel to the last, and of which nearly as many 
members are known. The aldehydes, as these bodies 
are all called, have very striking and characteristic qual- 
ities ; and these qualities may be, to a great extent, 
traced to their peculiar molecular structure. If we 
only make so small a change a^ to transfer the oxygen- 
atom fi*om the terminal to one of the central atoms of 
the carbon-nucleus, we obtain a class of compounds 
which, though isomeric with the aldehydes, have wholly 
different qualities, and are called ketones. The ketone 
isomeric with propylic aldehyde is called acetone : 

H H O H O H 

III III 

H-C-0-O-H H-0-O-O-H 

II II 

H H H H 

AvpylieAlddiyae. Km^ciq^ 
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ply take two of the numberleBS carbon-radicals, which 
are theoretically poBsible, and show how from them a 
Bet of familiar organic products can be derived. Let 

the two be the radicals represented in this diagram : 
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III 

I 

To such carbon-skeletons a large number of different 
elementary atoms and compound radicals can be attached 
by various chemical processes ; but the number of those 
usually met with in organic compounds is very limited, 
and only the following will be considered in this con- 
nection, namely : 

H-, -0-, H-0-, ^)N-, g)lT- 

Hydxogen. Oxygen. Hydrozyl. Amidogen. Nitryl. 

Indeed, by doubling this number, we could obtain the 
materials for constructing nearly the whole scheme of 
modem organic chemistry. 

Beginning, then, with the nucleus - - - -, let us, 

in the first place, satisfy all the open bonds with hydro- 
gen-atoms. The result is — 

H H H 

I I I 

H-0-O-O-H 

I I I 

H H H 

Propylic Hydride. 

a combustible gas, which is found mixed with numer- 
ous other compounds of the same class in our petrole- 
um-wells. Propyl hydride is the third in a series of 
homologous compounds, of which no less than nine 
have been identified in our Pennsylvania petroleums. 
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H H H 


H H H 


1 1 1 


1 1 1 


H-0-O-C-O-H 


H-C-C-0-H 


1 1 1 


1 1 1 


H H H 


H H 


PMpylfe AloohoL 


1 




XX 

Isopn^yyUc AlooboL 



Continuing, now, this process of clothing the car- 
bon-skeleton, let us, in the next place, substitute for 
two of the hydrogen-atoms of the normal alcohol an 
atom of oxygen, selecting for replacement the two hy- 
drogen-atom» which are connected with that terminal 
carbon-atom to which the hydroxyl is united : 



H H H 

H-C-C-0-O-H 

III 




H H 

H-C-C-C-0-H 

1 1 


1 1 i 
H H H 

PMpylle Alcohol 


gires 


1 1 

H H 

Ftopknie Acid. 



Now, propionic acid is the third member of that ho- 
mologous series of volatile acids of which a partial list 
has already been given (page 277), and of two of whose 
members the possible variations of structure have al- 
ready been discussed (pages 298 and 300). 

Again, we may substitute in propionic acid a second 
oxygen-atom for two of the remaining atoms of hydro- 
gen, and we thus obtain a liquid body called pyruvic 
acid, a perfectly definite substance, although one with 
which I can give you no familiar associations : 

H H O H O O 

H-0-C-O-O-H H-C-C-C-0-H 

I I I 

H H H 

Propionic Add. ^^nyic Add. 

The acids and alcohols we have thus far formed 
around our three-atom carbon-nudeus have been all 
monatomic. The atomicity of a compound^ you re- 
member, is determined by the number of atoms of hy- 
drogen which are easily Te^AauceA. \^^ metathesis, and 
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roing back again to the hydrocarbon, Cgllg, and 
Lciiig either of the terminal hydrogen-atoms by 
radical hydroxy 1 (-O-H^, we obtain one of a very 
ortant class of compounds, called alcohols. 

H H H H H H 

r I I r I I 

H-c-0-c-H n-0-o-o-o-n 

III III 

H II II II II II 

Propylic Hydride gives Ftopylic Akx^L 

Propylic alcohol is the third member of still another 
rtes of homologous compounds, of wliich our common 
cohol is the second member. 

Normal Alcohols, 

Methylic alcohol (wood-spirit) Ha -O-II 

Ethylic alcohol (common alcohol) Ca lis -O-II 

Propylic alcohol C, Ht -O-II 

Biitylic alcohol C* H, -0-H 

Amylic alcohol (fasel-oil) Cs On-O-II 

Hexylic alcohol Ce Ois-O-II 

Heptylic alcohol Ct Oi*-0-II 

Octylic alcohol Cb On-O-II 

The structure of the alcohol may obviously be 

^H.iied, like that of the aldehyde, by transferring the 

^5^droxyl fr6m the terminal to one of the central atoms 

^f the carbon-nucleus ; but we thus, as before, obtain a 

^lolly new set of substances, which, although resem- 

^ing the normal alcohols in many respects, differ from 

^liem in important particulars. There is, for example, 

^H isopropylic alcohol, which is isomeric with the nor- 

^t\al propylic alcohol, and, like it, resembles externally 

Common alcohol. But the pseudo-alcohol, as we call 

it, boils at 85° Cent., while the normal alcohol boils at 

97°, and, when acted on by chemical agents, yields 

wholly different products : 
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I^astly, replace the three terminal hydrogen-atoms of 
glycerine by nitryl (XO2), and we meet again an old 

acquaintance : 

H H U O 

1 III I 
N-0-O-O-O-O-N 
I III I 
O II O H O 

0-K=0 

I think that this last symbol will not now appear to 
yon so strange as when I first called your attention to 
it a few lectures back. It is true that I have not act- 
ually proved that this grouping of the letters repre- 
sents the structure of the nitro-glycerine molecule, but 
I have led you to a point where you are prepared to 
accept it as a definite result of investigation, and can 
feel assured that the proofs await your examination in 
the due course of your study. You can now understand 
more clearly than before how it is that, by the struct- 
ure of the molecule, the oxygen-atoms are kept apart 
from the atoms of carbon and hydrogen for which the 
fire-element has such a strong affinity, and how these 
atoms rush into more stable combinations when the 
delicate balance of forces, on which the structure de- 
pends, is disturbed. 

You have now seen what a number of distinct com- 
pounds can be obtained by attaching to one of the very 
simplest of the carbon-nuclei atoms of hydrogen and 
oxygen alone. Almost every commutation we conld 
make with these few atoms is actually realized in a defi- 
nite substance. Of course, with the names of many of 
these bodies you have no association. You must accept 
the assurance that they stand for definite substances, 
and that our symbols represent the results of care- 
fal investigation, and, kno^Viig tld&, you can gain some 
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wnception of tlje knowledge we have acquired of the j 
rtmctnre of this claes of componitdH ; and, when yoxt I 
kdd to this that, in many of these cases, the theory haa 1 
gone before discovery, and, by auggcstiug possihlc com- | 
mutations ofthe atoms, has prefigured compounds which ] 
were subsequently obtained, you must admit that, rude 
and unreal as our representations of molecukr struct- ] 
Me may be, they have a positive value, both as meaoB 1 
of classifying facts and as aids to new discoverieB. 

Lastly, let ua turn our attention to the second of the 
two carbon-skeletons, whose dry bones we proposed to 
clothe with the features- of definite compounds. The ' 
group of bodies whose molecules contain, as 
r n ^^ assume, this nucleus (Fig. 32), has been 
y «* very fully investigated by Professor Kekule, 
~S^ 9' of Bonn, and to him we owe the theory of 
^C-0^ their structure which our diagram repre- ] 
Tm. 82. sents. It may appear superfluous for me to ] 
repeat that, in such diagrams, the only ea- 
Bential points are the relative order of the atoms and 
the number of the bonds ; but the hexagonal shape in 
wliich wo find it convenient to represent on our page 
the structure of this nucleus suggests the idea of defi- 
nite form BO forcibly, "that additional caution may be 
needed to avoid misconstruction. 

The bodies with which we are now to deal are, for ' 
the most part, products either already existing in coal- 
tar, or which may be obtained from it by various chem- 
ical processes. Among them are those gorgeous ani- 
line djea which, within a comparatively few years, have ' 
Added so much to the elegances of common life. From 
a very large number of compounds, I can only select ft ] 
few examples. Still, I shall not restrict the selection / 
to compounds whoso molecules contain only six carbon-- 
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atoms, bat I shall endeavor to show that molecules of 
extreme complexity can be built up either by the addi- 
tion of hydrocarbon radicals to the nucleus represented 
in Fig. 32, or by the coaleascing of two or more of 
these nuclei into one. As I have not time to enter into 
details, the symbols must, to a great extent, be allowed 
to speak for themselves. 

Coal-tar is a mixture of a very large number of sub- 
stances whose boiling-points vary from 80° Cent, upward. 
When the tar is distilled, and the distillate rectified, 
the more volatile product obtained is chiefly a mixture 
of two hydrocarbons— benzol, and toluol. This mix- 
ture, the commercial benzol, is used in large quantities 
for the preparation of the amline dyes : 

11 11 H H • 

II II 

C-0 H C-C 

n-c c-n H-c-c c-h 

\ / . I \ / 

c-c H C=C 

II I : 

n H H H 

Benzol. TofaioL 

When benzol and toluol are treated with strong ni- 
tric acid the products are : 



II n 

1 1 




H H 

1 1 


c-c 

-C C-N 
C-C 

1 1 




H C-C O 

1 • %. 1 

H-C-C C-N 

1 \ / 1 

H C = C O 

1 1 


1 1 

n n 

Nitrobenzt^ 


or 


1 • 

H H 

KhrotolaoL 



Wlien nitrobenzol and nitrotoluol are acted on by 
nascent hydrogen (in the arts a mixture of iron-filings 
nd Sicoi\(t ncid is used), we obtain : 
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1 1 

H H 

Toluidine. 
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When the mixture of aniline and tolaidine, obtained 
in the arts from commercial benzol, is treated with 
various oxidizing agents, we obtain salts of 
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Bosaniline. 









Bosaniline is a base like ammonia. As I have before 
stated, when the molecule NH3 unites with acids to 
form salts, the quantivalence of the nitrogen-atom ap- 
pears to be increased by two bonds which bind the 
atoms of the acid molecules (see page 238). So, when 
rosaniline combines with acids, the atoms of the acid 
molecule join to one or the other of the nitrogen-atoms 
in the complex molecule of this base. Moreover, as 
there are three of these nitrogen-atoms in the molecule 
of rosaniline, it can bind either one, two, or three mole- 
cules of acid ; for example, it can unite either with 
HCl, with 2HC1, or with 3HC1. Thus, there may be 
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formed three classes of salts, and those which contain 
the smallest amount of acid are used in the arts as 
coloring agents. These salts, when crystallized, have a 
very brilliant beetle-like lustre, and yield beautiful 
rose-red solutions. They possess, moreover, a most 
wonderful colormg power. 

Taking only a few crystals (one grain in weight) of 
the hydrochlorate of rosaniline, called fuchsine in com- 
merce, and, first rubbmg them up in a mortar with 
some alcohol, I will pour the concentrated solution into 
a large glass jar, holding two gallons of water, and 
you see that this very small quantity of dye shows a 
brilliant red color even when diffused flirough the 
large body of liquid. By combining the base with dif- 
ferent acids we obtain only slight variations of tint, but 
very marked alterations of color can be produced in 
another way. 

By recurring to the symbol of rosaniline, it will be 
seen that there are three hydrogen - atoms directly 
united to the three atoms of nitrogen which the radical 
contains. Now, it is possible to replace either one, two, 
or all three of these hydrogen-atoms by various hy- 
drocarbon radicals ; such as — 

-OH, -0,H. -C.H.; 

Methyl, Ethyl, or Fhaxyl 

and we thus obtain other bases whose salts are violet 
or blue — ^the blue tint increasing with the degree of 
replacement. I have in these five jars solutions of 
some of these salts, the aniline violets and blues of 
commerce, and they will illustrate to you the gra- 
dations of color we can obtain by the replacements I 
have described. 

Among the less volatile products of the distil- 
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lation of coal-tar is the compound called phenol or 
carbolic acid, which is' so much used as an antisep- 
tic agent. Here is its symbol and also the symbol of 
another compound which has recently acquired great 
theoretical importance, but which, although closely al- 
lied to phenol, is derived from a wholly different 
source : 
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One of the least volatile products obtained in the 
distillation of coal-tar is a hydrocarbon called naphtha- 
line, whose molecule appears to be formed by the coa- 
lescing of two molecules of benzol. This body yields 
a very large number of derivatives having the same 
general structure, some of which have such a deep 
color that they can be used as dyes : 

H H 

I I 



^ \ / \ 

H-0 0-H 

I II I 

H-C C-H 

%. / \ -^ 



I I 

H H 

Naphthaline. 

Associated with naphthaline in coal-tar is a still less 
volatile hydrocarbon, called anthracene, which may be 
regarded as formed by the coalescing of three mole- 
cules of benzol : 
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fonned three classes of salts, and those which contain 
the smallest amount of acid are used in the arts as 
coloring agents. These salts, when crystallized, have a 
very brilliant beetle-like lustre, and yield beautiful 
rose-red solutions. They {>osse88, mgreoTer, a most 
wonderful coloring power. 

Taking only a few crystals (one grain in weigbt) of 
the hydrochlorate of rosaniline, called fuchsine in com- 
merce, and, first rubbing them up in a mortar with 
some alcohol, I will pour the concentrated solution into 
a large glass jar, holding two gallons of water, and 
you see that this very small quantity of dye shows a 
brilliant red color even when diffused through the 
large body of liquid. By combining the base with dif- 
ferent acids we obtain only slight variations of tint, but 
very marked alterations of color can be produced '^ 
another way. 

By recurring to the symbol of rosaniline, it will ^ 
seen that there are three hydrogen - atoms direct^? 
united to the three atoms of nitrogen which the radi^^ 
contains. Now, it is possible to replace either one, t^^' 
or all three of these hydrogen-atoms by various b^' 
drocarbon radicals ; such 



— UUa — Cs Hs — Ce Hi J 

Methyl, Ethyl, or FhenyL 

and we thus obtain other bases whose salts are violet^ 
or blue — the blue tint increasing with the degree of 
replacement. I have in these five jars solutions of 
some of these salts, the aniline violets and blues of 
commerce, and they will illustrate to you the gra- 
dations of color we can obtain by the replacements I 
have described. 

Among the less volatile products of the distil- 
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position of the substance. A short time since, Gracbe, 
a German chemist, in investigating a class of com- 
pounds called the quinones,* determined incidentally 
the molecular structure of a body closely resembling 
alizarine, which had been discovered several years be- 
fore. This body was derived from naphthaline, and, 
like many similar derivatives, was reduced back to naph- 
thaline when heated with zinc-dust. This circumstance 
led the chemist to heat also madder alizarine with zinc- 
dust, when, to his surprise, he obtained anthracene. 
Of course, the inference was at once drawn that ali- 
zarine ixiust have the same relation to anthracene that 
the allied coloring-matter bore to naphthaline, and, 
more than this, it was also inferred that the same chem- 
ical processes which produced the coloring-matter from 
naphthaline, when applied to anthracene, would yield 
alizarine. The result fully answered these expectations, 
and now alizarine is manufactured on a large scale from 
the anthracene obtained from coal-tar. 

Here are two pieces of cloth, one printed with mad- 
der and the other with artificial alizarine, and the most 
expert calico-printer could not distinguish between 
them. 

This certainly is a most remarkable achievement. A 
highly-complex organic product has been actually con- 
structed by following out the indications of its molecu- 
lar structure, which the study of its reaction, and those 
of allied compounds, had famished. It is a result that 
all can appreciate, and which the world will accept as 
the most trustworthy credential that the molecular 

^ The name quinone is applied to a class of bodies whose moleculea 
contain two atoms of oxygen united to a carbon-nucleus in the peculiar 
way shown in the symbol of the typical compound of the class, given 
above (page 31^). 
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Position of the substance. A short time since, Graebe, 
* German chemist, in investigating a class of com- 
P^tmds called the quinones,* determined incidentally 
"•^^^ molecular structure of a body closely resembling 
^li^arine, which had been discovered several years be- 
*pi*e. This body was derived from naphthaline, and, 
*^ke many similar derivatives, was reduced back to naph- 
*'tlaline when heated with zinc-dust. This circumstance 
^^d the chemist to heat also madder alizarine with zinc- 
^tist, when, to his surprise, he obtained anthracene. 
Of course, the inference was at once drawn that ali- 
zarine ixiust have the same relation to anthracene that 
the allied coloring-matter bore to naphthaline, and, 
Hiore than this, it was also inferred that the same chem- 
ical processes which produced the coloring-matter from 
naphthaline, when applied to anthracene, would yield 
alizarine. The result fully answered these expectations, 
and now alizarine is manufactured on a large scale from 
the anthracene obtained from coal-tar. 

Here are two pieces of cloth, one printed with mad- 
der and the other with artificial alizarine, and the most 
expert calico-printer could not distinguish between 
them. 

This certainly is a most remarkable achievement. A 
highly-complex organic product has been actually con- 
structed by following out the indications of its molecu- 
lar structure, which the study of its reaction, and those 
of allied compounds, had famished. It is a result that 
all can appreciate, and which the world will accept as 
the most trustworthy credential that the molecular 

^ The name quinone is applied to a class of bodies whose moleculea 
contain two atoms of oxygen united to a carbon-nucleus in the peculiar 
way shown in the symbol of the typical compound of the class, given 
above (page 817). 
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tbeorj of chemifitrj conld offer. The drcmnstsnoe 
that thiB rabetanoe is the important madder-dye, and 
tliat the Dew prooesa has a great commercial value, of 
course, really adds nothing to the force of the eTidence 
iu favor of the theory. To the scientific mind the 
evidence of any one of hundreds <^ substances wluch 
liave been constructed in a similar way, but of whicb 
the world at large has never heard, is equally condu- 
bive. Still, we have great reason to rejoice that this is 
one of the few instances where purely theoretical study 
has been unexpectedly crowned with great practical re- 
sults. Let us accept the gift with gratitude, and pay 
due honor to those through whose exertions it has been 
received. Let us remember,, however, that it came as 
a free gift, and that the result was achieved by men 
who, with single-hearted zeal, worked solely to extend 
knowledge. Forget not, then, to encourage those who 
are devoting their lives to the same noble service, and 
have the manly courage to sow the seed whose harvest 
they can never hope to reap. Honor those who seek 
Knowledge for her own sake, and remember they are 
the great heroes of the world, who work in fiiith, and 
leave the result with God ! 
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Feldspar, 285. 

Fenio ohloride, 802. 

FUtering, 161. 

Flame, 190 ; how colored, 193. 247, 
261 ; light of, 201 ; of wood and 
coal, 208. 

Formic acid, 273, 277. 

French system of weights and meas- 
ures, 67. 

Fuel, constituents of, 200; energy 
of, 205 ; products harmless, 205. 

Garnet, 285. 

Gas, cause of its tension, 43 ; charac- 
teristics of a, 38. 

Gas illuminating, 201. 

Gas-volumes, how represented, 180. 

Gay-Lussac's law, 65. 

Gibbsite, 284. 

Glass not absolutely homogeneous, 
21 ; size of molecules, 28. 

Glyceric acid, 311. 

Glycerine, 215, 311. 

Gold, variations of quanti valence, 
241. 

Graebe, synthesis of alizarine, 319. 

Gramme, 67. 

Graphic symbol, 245 ; acetone, 308 ; 
acetic ether, 297; acetyl, 297; 
alizarine, 318; aluminic oxide, 
802; amidogen, 307; ammonia 
alum, 284: ammonia gas, 238; 
ammonio cnloride, 238 ; ammoni- 

. um, 263 ; andalusite, 284 : aniline, 
815; anthracene, 318; beauxite, 
284; benzol. 314; butyric acid, 
298 ; calcic nydrate, 243 ; calcic 
sulphate, 244 ; carbon radicals, 
303-307 ; corundum, 284 ; chryso- 
beryl, 284; chrysolite, 283; cu- 
prous oxide, 302 ; cyanogen, 263 ; 
diaspore, 284; ethyl, 263, 297; 
feldspar, 285; ferric chloride, 
302; formic acid, 274; fluorides 
of manganese, 239 ; garnet, 285 ; 
gibbsite, 284; glyceric acid, 311 ; 
glycerine. 311 ; hydrochloric acid, 
272; hydroxyl, 307; hypochlo- 
rous acid, 272 ; chlorides of iron, 
240; lactic acid, 311; methyl, 
263; mercurous chloride, 802; 
naphthaline, 317 ; nitric acid, 268 ; 
nitro - benzol, 314 ; nitro - toluol, 
314; nitro-glycerine, 312; nitryl, 
807; phenol, 817; phosphorous 
chloride, 288 ; triplumbic nydrate, 
243; potassic aluminic sulphate, 
244; potassic hydrate, 267; pro- 
pionic acid, 810; propylic alde- 



hyde, 808; propylic glycol, 811; 
propylic hydride, 307; pyruvic 
acid, 310 ; quinone, 817 ; rosaiii- 
line, 315; silicic hydrates^ 282; 
tartronic acid, 311; toluidiue, 
315; toluol, 814; valeric acid, 
800 ; woMastonite, 283. 
Gunpowder, 211; energy exerted, 
214 ; products of combustion, 218. 

Hare's compound blow-pipe, 100. 

Heat, nature of, 44-49; aeveloped 
by burning, 186 ; whenever atoms 
unite, 182. 

Hexatomic hydrates, 284. 

Hofmann's method for vapor den- 
sity. 80. 

Homologues, 800; series of, 277, 
808, 309. 

Hydrates, alkaline and acid, 260; 
atomicity of, 278: definition of, 
260, 278; instability of, when 
complex, 281 ; yield water when 
heated, 281. 

Hydrides of methyl, ethyl, propyl, 
etc., 808. 

Hydrochloric acid, 272; action on 
iron nails, 257 ; action on sodic 
carbonate, 141; combines with 
ammonia, 179; neutralizes alka- 
lies, 250. 

Hydrodisodic phosphate, 280. 

Hydrogen, atomic weight of, 128. 

Hydrogen gas, 91 ; burning of, 190- 
195 ; preparation of, 257 ; synthe- 
sis or water, 191. 

Hydropotassic oxalate, 279. 

Hydrosodic sulphate, 279. 

Hydroxyl, 278, 807. 

HypochLiorous acid, 272. 

Tee, crystalline structure, 55. 

Ignition, point of, 186. 

Imponderables, 98. 

Intelligence in Nature, 207, 209. 

Iodide of nitrogen, 177. 

Iodine, 177, 182. 

Iron chlorides, 240. 

Iron variations of quantivalenoe, 

289. 
Isomerism, 298. 
Isopropylic alcohol, 809. 

Kekul^ benzol theory, 818. 
Kerosene, 308. 
Ketones, 808. 

Lactic acid, 811. 
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Cbalk, daeompoaed by add*, 1<T ; 
dtcompiacd b; heal, I4< ; form*- 
Ii'>D, l«l; •olution, IM. 

Ciiuifci, cMoiical uul j'hjiical, M. 
CWrcnal, bujiiLnc of, IW, 111. 
Cl>sri«'* Uw, 44. 
C'licuiicKl cliuifM, •£, m ; oom- 



CbrjuuUrjl, )!M. 



EDei|7 from bwtinc, ISMOO; t* 
the HQ, •» ; iDdean«iUt.Wl ' 
nqiured Ut dcampow nl' 

EUiCT of >p>Be, xa. 

£tfa}l,i«. 

■taL,otpttt 



hry*.. 



=, «M. 



CMl.tiBiiuiiguf, IH; maiiTKorMl 

iD, «W. 

Combiutiblei, lU. 

CaiobuitioD, lt>3-S31 ; or ehueoal, 
IW, 1»B, tit; of hydrogan, 100, 
IW, 1»; of ph'j«plionu, IM, 
'"■ ' "' =1 oijgea, 



tl ; or lulpbur 

177; ot lulphu; 

ITl; of tinncl in cliloriDi 

181 ; of wuth- 

SI; bUtorfofi 



iijljen gM, 
oijgen, 






C'-ni|"iuDd ndi«U. M 
Coui]>oiinds (Wf Cbi 

Corundum, 281. 

Cnam-of-tuUr, IW. 

Crith, GT, TO. 

Cryiitiilliistion of ioa, BG; of ul- 

■tiimoniBC, U ; of urea, M. 
Ci7iita)i>, cSocU OD polariied light, 

CuliTOUK o*idB, 80S. 

Cjutle atlivr and cjaoMboUne, ROI. 



Deiuttf , TiS. 

Penaltj' of lapnn, TS, iH. 

DdHiRti, in Nature, SOT. 

DlnHpora, SU. 

Iliatoiiili' hydrate*, ST8. 

ItiffcrontiHtion, a mvthod of Idtcb- 

tiffBtion, IBfl. 
IXhjdro-aodic plioHphate, SSO. 
I>i|intilHidG oxalate. STB. 
DIh'hIio Rulphntc, 279. 
t>W1*il>mtr of manor, 8H. 
DiiullHtie tlii^anr, 2M, •ma. 
DuiiiaH'n incthbil for vapor daoBity, 



■le bjdnic, HO ; anunotuaiM^!' 
droeblonc-aodna,!!*; budim 
aoap-ftlm, 31 ; DarniniE -cl 
197 ; boming cba^i.'.'.^L [ 
ISS ; bumitig hj'di wr:. ^ 
bunuug ir — """ 



lir, 183; 



pho™ 

phonu in oijgcD 

watch-Bprinff, UI ; c, 
lU ; chalk imd acid, le" 
rine gaa and timel, IHl ; ■ 
power of amtine djea,!!.. - 
poond blow-pipe, 100 ; crj>ulli»- 
tion of sal-uamoniac, 5t ; eriMll- 
liiationofurea, M; deoampoiib^ 
of aDgar, 87 ; decomposLlioD <" 
water, e>, »i ; density of iHvorti 
T7, SO ; eipanaiaD of liquid! M 
beat, IS ; eiploalon of iodide d ' 
nitrogen, ITT ; exploaion of hy- 
dn>gea and oiysen, 100; form^ 
tiou of vapora, IT ; globidir form 
of liquids, Sa ; gunpowder bonit 
in vacuo, 218 ; gunpowder burnt 
inair,213; iee-flowera, 55 ; iodine 
and phoApbonia, IBS; iron and 
hydrochloric acid, S57 ; iroD and 
BUlfihur, 104 ; lime-water and ear- 
bonio dioiiiie, 161 ; magneUo 
curves, 81 ; Mariotte'g law, 41 ; 
nitric oiide and oiyg«n gnn, 1T» ; 
with polarized light, 5T-6B ; Ph»- 

— ■■' ,108: potasBie hy- 

B acid, 252; potaa- 
Qiuju Buw ■■Bi.cf, 2.'ii ; preparation 
of nitronBoiide,175; preparation 
of oxygen stas, ITl ; producta of 
oombuation weish more than the 
candle, 204 ; alakine of lime, 161 ; 
Bodio carbonate and oream-of-tar- 



oarbonio dioxide, 163; sodiura 

nitrouB oildo, ITT ; aul'phurlT'aold 
and line, 367 ; nulphuno acid and 
lino oside, 2.W ; nyntheslB of 
formic acid, 2T8 ; variations of 
quaQtivalanoo, 240 ; weight of 
oarbonio dioxide, 1^ 



drite and nitri 



•■eldapar, SSE, 
•o>Tie ohloride, 802, 
■iteriog, 161, 



^kme, 190; bow colored, 19S, m, 
Ul i UghC of, 201 ; of wood Bad 
Doal, 20S. 

Fonnio acid, 378, 277, 

f^ncb Bjacem of weights and meas- 



315 ; toluo 
SOO; woHoatomte, 28S. 
Ganpowder, 211 ; onergy eierted, 
214 ; products of combuatioD, SIS. 



GwiUuminating, 201. 
G««-Toluiiiea, how ropreBeated, 1 
Qky-Lu!i sac's law, tS. 



Glssa not abaolutelj homogeaeouB, 

21 ; size of tuolecules, 28. 
Glycario Bcid Sll. 



oioEuea, BOO ; aeries of, 277, 
i, 809. 



2*1. 
Gntebe, aTatbeBie of aHznrme, S19. l 
Gnmrne, 67, | 

'Onpbio symbol, 246 ; acetone, SOS; l 
■oeCIo ether, 297 : acetyl, 297 ; 
aliiarine, 818; alutninia oxide, 
802; amidogea, SOT; ammonia ' 
ainin, S84: ammonia gas, 288; 
ammoQio chloride, 238; ammoni- 

. iim,26S;andBlusite,284.| aniline, 
816; snthracene, 318; beauiite, 
284; benzol. 814; butyric acid, 
298 ; calcic hydrate, 248 ; calcic 
snlphale, 244 ; carbon radicals, 
808-307; corundum, 284; ohiyBo- 
betyl, 284; chrysolite, 238; cu- 

Srous oxide, 802 ; oyaaogea, 26S ; 
iaspore, 284 ; ethyl, 283, 297 ; 
fbldapar, 286 ; ferric chloride, 
802; formic acid, 274; fluorides 
of manganese, 38B; garnet, 285; 
gibbsite, 284; glyceric acid, 811; 
glyoarine, 811 ;lijdrochloric acid, 
272; hydroxy I, 807; hypoohlo- 
rousaoid, 272; chlorides of iron, 
240; lactic acid, 311; methyl, 
I chloride. 



Hydrates, alkaline and acid, 260 ; 

atomicity of, 278: deflnition of, 

260, 27S; instability of, wheu 

I oomptaj, g81 ; yield water when 

if quantivalence, ' heated, 281. 

' Hydrides of methyl, ethyl, propyl. 



Hjdrochlor: 



cid, 272; action on 
17 ; action on sodio 

ammonia, 179; neutralizes alka- 
lies, £60. 

lIydr.jJi,(i,lie phosphate, 280. 

llj'iirOf;cii, atumio weight of, 128. 

Ilvdro|.'oii paB, 91 ; burning of, 190- 
iB5;"pre|ifirBtion of, 267; synthe- 
aiJ. of^water, 191. 

llydropotasBio oxalate, 879. 

Ilydroaodic snlphate, 27B. 

HtOtoxvI, 278, 807. 

UypochlorouB acid, 2T2. 



J _ iderablea, 98. 

Intelligence in Nature, 307, 209. 
Iodide of nitro([en, 177. 
Iodine. 177, 1"" 



314; nitro-glycerino, 812; nitryl, 
807; phenol, 817; phoejilinrouB 
chloride, 238 ; triplumbic hydrate, 
248; potaenic aluminio sulphate, 
244 ; potassio hydrnto, 287 ; pro- 
pionic acid, 810; propylic alde- 



KekuM benzol theory, 818, 
Kerosene, 808. 
Ketones, 808. 

Laolio acid, 811. 
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weight of hydrogen, 128 ; of atom- 
ic » eight of oxygen, 125 ; of calo- 
rific power of combustibles, 186 : 
of compounds of mangaut:i»e una 
fluorine, 116 ; of compounds ot 
nitroi^eu and oxvgeu, 116 ; of di- 
mensions of lignt-waves, 24 ; of 
elementary substances, 112; of 
hydrides of methyl, ethyl, etc., 
<vd ; law of multiple proportions, 
117 ; qnanti valence of atoms, 282, 
236 ; specific heat of elementary 
substances, 132; thickness of 
soap-film, 32. 

Tartronic acid, 811. 

Temperature, 44-19 ; absolute scale, 

- 46 * centigrade scale, 45 ; Fahren- 
heit scale, 45. 

Test-papers. 166. 

Tetratomic hydrates, 2S0. 

Thermometer, 45. 

Thomson, Sir William, size of mol- 
ecules, 35. 

Toluidine, 315. 

Toluol, 314. 

Triatomic hydrates, 280. 

Triplumbic hydrate, 243. 

Trisodic phosphate, 280. 



Turmeric-paper, 166. 

; Urea, crystallization of, 54. 

Valeric acid, normal, 277 ; isomeric 
' modifications, 300. 
- Vi^rs, condition of, 15 ; interpene- 
tration of, 17 ; specific gravity of, 
76-83. 
Volatile acids, series of, 277. 

Water decomposed by electricity, 
89, 92; decomposed by sodiuiii, 
246 ; decomposed by |>ota:iisium, 
251 ; hardness of, 164 ; influence;} 
chemical changes, 145 ; synthesis 
of, 191. 

Waves of lijiht, 24. 

Weighty important relations in 
chemistrv, 97 ; of molecules, 66, 
71-83. 

Weights and measures (French sys- 
tem), 67. 

Weights of atoms, 117. 

WoUastonite, 283. 

Zinc sulphate, 257. 
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^Bouao-afoohoU, 309. \ 3m. 

^3"Mvio acid, 810. I EoBaniline, 816. 

j Bules of cliemioal aritliinatio, 161. 
Suaotitative auulrsls, 133. 
VUiutiTalGDoe, 282-24S; distinottvc ! Bal-aminomao.orjBtalliMtion of, 68. 
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now far fixed, % 
_, 338-242. 
yuinona, BIT, 819. 

Ratlicala, Bimple 
a6i; oonsisCinir 
a03; meUlB ai 



'6 ADd eJectro-noga- 
11; aerial relatioiu, 266. 
a, analytical, ITl ; syntheti- 



SaltB, d , 

I ScliBele, as&. 

Soience, iu method illimtnted, 196. 

8erid8 of homologuee, 27!, 800, 808, 
I SOS ; of volatile aoida, 2^7. 
I Silicic hjdrates, 280-282. 
I Slaking of lima, 161. 
I Saow-flakea, 66. 
' Soap-bubbles, 29. 
t Soup-film, effect on light, 80 ; thiok- 
naaa of, 82. 



merical val 
178 ; acetio ( 
drate, 296 : 



I ailEulttted, ' 160, j Sodi 



a^water, ifiS. ' 

io carbonate and a 

" hjdrato, 2*8. 



ida^ charaoteriBtica of, 5B ; elruct- 
re illuatraMd, 68-62. 
icifio gravity diatinguiflhed from 
auBit^, 68 ; of liquids and solids, 
9; of gases and Tapors, 71, 77. 



carbonic dioxide and Hodium. . 

158 ; earboaic dioxide and aun- I !>u. 

light, 158 ; earbonio oxide aod Speoiflo heat of elementary aub- 

oflorine gaa, 273; carbonic oiide I sUnces, 131. 

and oiyeeo ijae, 2J8 ; ohalk, whon Spectroscopic analysis, basis of, 

calcined, 166' chalk and hydro- I ^^^- 217, 251. 

chloric acid, 167: co^ and oiv- I Spectrum, aolar, 26. 

gen, 199; meCallia copper and i Stab 1, 229. 

-■■'---lejtaa.lSl; alectrolyBia of Structure of molecules, 280, 2*6; 



water, 170 : burning of hydrogen I 
gas, 170: hydrogen and oiyeen, 
191; hydroclilorro acid and iron; 
267; iodide of nitrogen, whan ei- . 



determines qu^iti< 



Subal 



IH, £BU, suit 

, 298 1 shoBu 

[;iii:liuiiq, £9d Itfif MoleculaT 

iture). 

ices defined by their mole- 
°" - ilementaryj 109. 



e hydra' 



»atar, 251; sodic ,. , 

!ream-of-tartar, 147 ; aodic car- i Symboli 
lonate and hydrochloric acid '"" ' 
.a, 147, 149, 150; sodic hjdrati 
ind hydrochloric acid, 250; Bodl 
— and water, 248; eulphurii 



acid and zinc. 357 ; aulphi 
■ line oiide. 258. 
t^on and Chemistry" — refet- 



Suaar U . .. ^ , 

210 ; decomposed by heat, 87 ; 

decomposed by sulphuric acid, 87. 
Sulphate of lime, 287, 
Sulpburioaeid, action on zino, 267; 

action on line oiide, 268 ; graphio 

symbol, 279. 

"— " 'enerey, 208. 

.._. ..,1, lil-lBO, 180; 

how determined, 186, 24B, 252. 
Kjntbeais, 96, 169 ; of alimrine, 818 ; 

of organic oompoundB, 293. 
Syntbetioal reactions, 178-181. 



I Table of alcohols, 809; of atomic 

weight of carbon, 127 ; of atomic 

1 weight of ohlorine, 126; of stomio 
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Thom»oD, Sir WUUam, aiw of mol- 
ecule*, $5. 

Toluidiiiir, S1&. 

Tolui»i, 514. 

Triatomic hrdrKtea, ft». 

Triplumbie hyJrate, i«. 



Tnnn«rio-i>aper, 166. 
Urea, crystalluBation of, 64^ 

Valeric acid, nonnal, 277 ; isom^ 

modiflcatiuns, 800. 
Vapora, condition of, 15 ; interpec^ 

tration of, 17 ; specific eravitY^ 

7<M». 
Volatile acids, series of, 277. 

Water decomposed by electrieitr 
69, 92 ; decomposed by sodiuuu 
S46; decomposed by i>ota8Biuii] 
251 ; bardness of, 164 ; influence: 
cbcmical changes, 145 ; syncheeii 
of, 191. 

^aves of light, 24. 

AVei^btj important rektions ii 
chemistry, 97 ; of molecules, 66 
Tl-SS. 

Weights and measures (French sys 
tem\ 67. 

Weights of atoms, 117. 

WoUastonite, 288. 

Zinc sulphate, 257. 
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indication that die publishers will spare no pains to include in die §eoes the fi«shest in- 
vestigations of the best scientific minds."'— Bosttm yaumoL 

" This series is admirably commenced by this little volume fitMn die pen of Ptof 
Tsrndall. A perfect master of his subject, he presents in a style easy and attractive his 
methods of investigation, and the results obtained, and gives to die reader a clear con- 
ception of all die wondrous transformations to whidi water is subjected. "—CkMrcktman^ 



II. 

Bagehot's Physics and Politics. 

I voL, i2mo. Price, $i.5a 

'* If the * International Scientific Series * proceeds as it has begun, it will more than 
fulfil the promise given to the reading public in its prospectus. The first volume, by 
Professor Tyndall, was a model of lucid and attractive scientific exposition ; and nam 
we have a second, by Mr. Walter Bagehot, which is not only very ludd and charming, 
but also original and suggestive in the highest degree. Nowhere since the publication 
of Sir Henry Maine's ' Ancient Law,' have we seen so many fruitfiU thoughts sug- 
gested in the course of a couple of hundred pages. . . . To do justice to Mr. Bage- 
hot's fertile book, would require a long article. With the best of intentiotis, we are 
conscious of having given but a sorry accoimt of it in these brief paiagraphs. But we 
hope we have said enough to commend it to the attention of die thoughtful leader."^ 
Prof John Fiske, in the Atlantic Monthly. 

" Mr. Bagehot's style is dear and vigorous. We refirain fitun giving a fiiller ac- 
count of these suggestive essays, only because we are sure that our readers will find ix 
worth their while to peruse the book for themselves ; and we sincerdy hope that the 
forthcoming parts of the * International Sdentific Series ' will be as interesting." — 
A tfunttutn. 

" Mr. Bagehot discusses an immense variety of topics connected with die fwc^Tess 
of societies and nations, and the development of their distinctive peculiarities: and his 
book shows an abundance of ingenious and original diought.*^ — ^Alfkbd Russkix 
Waixace, in Mature. 

D. APPLETON & CO., Publishers, 549 & 551 Broadway, N. Y. 



opinions of the Press on the ^^International Scientific Series.** 

III. 

Foods. 

By Dr. EDWARD SMITH. 
ivoL, i2mo. Cloth. Ulustrated. Price, $1.75. 

In making up The International SaENTiFic Series, Dr. Edward Smidi was se- 
lected as the ablest man in Eng^d to treat the important subject of Foods. His services 
*^ secured for the undertaking, and the Utde treatise he has produced shows diat die 
^''oice of a writer on this subject was most fortunate, as the book is unquestionably die 
^^'cxest and best-digtsted compend of the Science of Foods that has appeared in our 
*»n«uage. 

"The book contains a series of diagrams, displaying the effects of sleep and meals 
^^ pulsation and sespiradon, and of various kinds of food on respiradon, which, as the 
7^'nlts of Dr. Smith's own experiments, possess a very high value. We have not far 
^ *?o in this work for occasions of favorable cridcism ; they occur throughout, but are 



^^■Japsmost apparent in those parts of the subject with which Dr. Smith's name is es- 
*^^^ialJy linked. — London Examiner. 

^_. "The union of scientific and popular treatment in the composiuon of this work wil] 
^^ Qrd an attracrion to many readers who would have been indifferent to purely theoretic 
^^** details. . . . Still his work abounds in information, much of which is of great value, 
^^Jjl a part of which could not easily be obtained from other sources. Its interest is de, 
l^^ledly enhanced for students who demand both clearness and exactness of statement, 
^V the profusion of well-executed woodcuts, diagrams, and tables, which accompany th^ 
^"^lume. . . . The suggestions of the author on the use of tea and coffee, and of the ya^ 
2!?|** fonns of alcohol, adthough perhaps not stricdy of a novel character, are highly in* 
***iicdve, and form an interesting portion of the volume." — N. Y, Trtbune, 



IV. 

Body and Mind. 

THE THEORIES OF THEIR RELATION. 

By ALEXANDER BAIN, LL. D. 

.xvol., i2mo. Qoth Price, $1.50. 

Professor Bain is the author of two well-known standard works upon the Science 

of Mind— •• The Senses and die Intellect," and " The Emotions and the Will." He is 

one of the highest living authorities in the school which holds that there can be no sound 

or valid psychology unless the mind and the body ire studied, as they exist, together. 

** It contains a forcible statement of the connection between mind and body, study- 
ing their subtile interworkings by the light of the most recent physiological investiga- 
tions. The summary in Chapter V., of the investigations of Dr. Lionel Beale of the 
embodiment of the intellectual functions in the cerebral system, will be found the 
freshest and most interesting part of his book. Prof. Bain's own theory of the cmnec- 
tion between the mental and the bodily part in man is stated by himself to be as follows : 
There is ' one substance, with two sets of properties, two sides, the physical and the 
mental — a double-faced unity.\ While, in the strongest manner, asserting the union 
of mind with brain, he yet denies 'the association of union in place ^* but asserts the 
union of close succession in time,' holding that 'the same being is, by alternate fits, un-. 
dcr extended and under unextended consciousness." ' — Christian Register. 

D. APPLETON & CO., Publishers, 549 & 551 Broadway, N. Y. 



Opimimu ff tke Pna tm At ^ Imiermmiwual ScumtiJU Series.' 



The Study of Sociology. 

Bf HERBERT SPENXER. 



ClodL Price, $1.50. 

** Tk Scodr of Saciuiacj * v» viiBirK fv Ac pvrpose of caarejios to d>e reading 

Mac, dbiBS. soofK, faaks, aad diflBcnldes, 

to prepaore ike vay fat the anthoc's great 

' ~ is 10 kOam Ae ** Pi i wiii l ts of Psychol. 

eaoa to the laser voric, the picsent toI- 

Its SEjie is cacBedagiy dear aad nganMB* and the book 

vjh a wealth of JoBMtxoa^ 







_ . ^ i MliiCBoe to this vol- 

af the fiaesc speaacas of reasonig in all its fbnns 
^asiom m his array of facts* incideots, and opinions, 
which draws on the reader to jwrricjin his ooncfnsKMKs^ The r oo h i fss ud rahwiMNy^ of 
; treacaeae cf a ckn owfcdged <±idicakies axMl grare c t w cct ion s to his theories win lor 
a a ciose attrnta-i and sascncd efljrt. on the part of tte reader, to oomnndkend, fol- 
r. tnsp. axMl approprate his priaczpies.^ Ths book, indcpcndendy of its beaiing 
. IB so ci o l o gy , is Taloabfe as faicadly showi^ what those rssmtial daracteristics are 
whidi entide any arrasgeaKBt and c onnect Kin of frets and dedoctioBSlD be called a 

' T3 thxe who are akeady a cq uain ted widft Mr. Spencer's writing, diere b no need 

ofrecoammdingthe wofk; to those who are not, we woold say, that by reading * The 

~ r of S»ok}gy ' they wiD gain the acqaabitance of an author who, for knowledge, 

of thought, skil in ehgidarioo, and originality of ideas, stands p ro mi nendy for- 



Stndy 
depdh< 



wainlin dkefirciotiankof diegferious army ofModem thinkeni. * The Stnchr of Soci- 
ology ' is the fifih of ' The International Scientific Scries.' and for beauty of type and 
elegant appearance is worthy of the great pobfishing-hovoe of Messrs. i^ipletonsCoL** 
—B&sten Gaxette. 



^ " This Tolome bdongs t3 ' The International Scientific Scries,' whidi was projected 
with so high a standard and which is being so successfully carried out. The value and 
character of the whole may £urly be judged by tbis and the preceding rohimes. The 
prindple of the enterprise i5 that esch subject shall be treated by the writer of greatest 
eminence in diat department of intfuiry, amd it is wdl illustrated in Ac present work. 
Herbert Spencer b unquestionably the foremost liring thinker in dte psychologica] and 
sociological fields, and dus volume b an important contributioo to die science of whkrh 
It treatSw .... It will prove more popular than any of its author's other creations, for 
it b more plainly addressed to the people and has a more practica] and less ^leculatiTe 
cast. It win require thought, but tt b wdl wordi thinking about." — Albamy Evcnimg 
youTKoL 

'* Whedier the reader agrees with die audior or not, he wiD be ddig^ited with d»e 
work, not only for die beauty and purity of its style, and breaddi and cyc l opedic dmr. 
acter of Mr. Spencer's mind, but also for its freedom ftom pvdudiceand ki n dr ed imper- 

foaci'm'^**— Norwich BuUetht, 



" Thb work compds admiration by die eridence whidi it gives of anmense re> 
s<»rch, study, and observation, aod b withal written in a popular and very pleasing 
stjrle. It b a fascinating work, as weD asooe of deep practical thoughc" — Bcsttml^gL 

D. APPLETON & CO., Publishers, 549 & 551 Broadway. N. Y. 



•^ dhoughtful and valuable contribution to the best religious literature 

of the day, 

RELIGION AND SCIENCE. 

'^ Scries of Sunday Lectures on the Relation of Natural and Revealed 
Religion, or the Truths revealed in Nature and Scripture. 

By JOSEPH LE CONTE, 

or OXOLOOT AND NATITBAL HX8T0BT IK THX UKmEBSFIT GW OALIFOBMIA. 

I2m0f cloth. Price, $1.50. 

OPINIOyS OF THE PMJESS. 

^« " This work is chiefly remarkable as a conscientious eflbrt to reconcile 
j*ie revelations of Science with those of Scripture, and will be very use- 
^ to teachers of the different Sunday-schools." — Detroit Union, 

"It will be seen, by this risumi of the topics, that Prof. Le Conte 
Lpples with some of the gravest questions which agitate the thinking 
»nd. He treats of them all with dignity and fairness, and in a man- 
^^r so clear, persuasive, and eloquent, as to engage the undivided at- 
^Jtition of the reader. We commend the book cordially to the regard 
^* all who are interested in whatever pertains to the discussion of these 
l^ave questions, and especially to those who desire to examine closely 
^c strong foundations on which the Christian faith is reared." — Boston 

"A reverent student of Nature and religion is the best-qualified man 
^ instruct others in their harmony. The author at first intended his 
^ork for a Bible-class, but, as it grew under his hands, it seemed well to 
Rive it form in a neat volume. The lectures are from a decidedly re- 
ligious stand- point, and as such present a new method of treatment." 
""^^Philadelphia Age, 

"This volume is made up of lectures delivered to his pupils, and is 
'Written with much clearness of thought and unusual clearness of ex- 
pression, although the author's English is not always above reproach. 
Xt is partly a treatise on natural theology and partly a defense of the 
Bible against the assaults of modem science. In the latter aspect the 
author's method is an eminently wise one. He accepts whatever sci- 
ence has proved, and he also accepts the divine ongin of the Bible. 
Where the two seem to conflict he prefers to await the reconciliation, 
which is inevitable if both are true, rather than to waste time and words 
in inventing ingenious and doubtful theories to force them into seeming 
accord. Both as a theologian and a man of science. Prof. Le Conte's 
opinions are entitled to respectful attention, and there are few who will 
not recognize his book as a thoughtful and valuable contribution to the 
best religious literature of the day." — New York World, 

D. APPLETON & CO., Publishers, 549 & 551 Broadway, N. Y. 



DESCRIPTIVE SOCIOLOGY. 



•♦• 



Mb. Hcbbcbt Spencks has been for seyeral years engaged, with the aid of 
three educated gentlemeD in his employ, in collecting and organizing the facta 
coDoeming all orders of human societies, which must constitute the data of a true 
Social Science. He tabulates these facts so as conveniently to admit of ex- 
tensive comparison, and gives the authorities separately. He divides the races 
of mankind into three great groups : the savage races, the existing dvilizations, 
and the extinct civilizations, and to each he devotes a series of works. The 
first installment, 

THE SOCIOLOGICAL HISTORY OF ENGLAND, 

in seven continuous tabl^ folio, with seventy pages of verifying text, is now 
ready. This work will be a perfect GydopsBdia of the facts of Social Science, 
independent of all theories, and will be invaluable to all interested in social 
problems. Price, fiv'e dollars. This great work is spoken of as follows : 

From the BriU^ QuarUrfy Review. 

*^No words are needed to Indicate the immense labor here bestowed, or the great 
•ociolofifical boncfit which such a ma»8 of tabulated matter done under such competent 
direction will confer. The work will constitate an epoch in the science of comparative 
sociology." 

From the Satwrday Beview. 

*' The plan of the ^ Descriptive Sociology ^ i# new, and the task is one eminently fitted 
to be dealt with by Mr. Herbert Spenccr^s fhcnlty of scientific organizing. His object is 
to examine the natural laws which govern the development of societies, as be has ex- 
amined in former parts of his system those which govern the development of individual 
life. Now, it is obvious that the development of societies can be studied only jn their 
hi/»tory, and that general conclusions which shall hold good beyond the limits of particu- 
lar societies cannot be saf ly drawn except from a very wide range of fkcts. Mr. Spen- 
cer has tbcrefbre conceived the plan of making a preliminary collection, or perhaps we 
should rather say abstract, of materials which when complete will be a classified epi- 
tome of universal history." 

From the London Examiner. 



i*i 



Of the treatment, in the main, we cannot speak too highly; and we must accept 
it as a wonderfully snccessftil first attempt to famish the student of social science with 
data ptanding: toward his conclusions in a relation like that in which accounts of the 
structures and functions of different types of animals stand to the conclasions of the 
biologist." 



An Important Work for Manufacturers, Chemists, and Students. 



A HAND-BOOK 



OF 



Chemical Technology. 

By Rudolph Wagner, Ph. D., 

FSOFES0OR OP CHEMICAL TBCHNOLOGY AT THE UNIVERSITY OP WURTZBURO. 

Translated and edited, from the eighth German edition, with extensive 

Additions, 

By Wm. Crookes, F. R. S. 

With 'i'^'^ Illustrations. xvoL^Zvo. Tt\ pages, C/<>/A, $5.00. 



The several editions of Professor Hfidolph Wagner's '* Handbuck def 

Chemischen Technologies^ have succeeded each other so 

rapidly f that no apology is needed in offering 

a translation to the public. 

Under the head of Metallurgic Chemistry, the latest methods of preparing Iron, 
Cobalt, Nickel, Copper, Copper Salts, Lead and Tin and their Salts, Bismuth, Zinc, 
2Snc Salts, Cadmium, Antimony, Arsenic, Mercury, Platinum, Silver, Gold, Man- 
ganates, Aluminum, and Magnesium, are described. The various applications of the 
Voltaic Current to Electro- Metallurgy follow under this division. The Preparation of 
Potash and Soda Salts, the Manufacture of Sulphuric Acid, and the Recovery of Sul- 
phur from Soda- Waste, of course occupy prominent places in the consideration of 
chemical manufactures. It is difficult to over-estimate the mercantile value of Mond't 
jnocess, as well as the many new and important applications of Bisulphide of Carbon. 
The manufacture of Soap will be found to include much detail. The Technology of 
Glass, Stoneware, Limes and Mortars, will present much of interest to the Builder and 
Engineer. The Technology of Vegetable Fibres has been considered to include the 
preparation of Flax, Hemp, Cotton, as well as Paper-making ; while the applications 
of Vegetable Products will be found to include Sugar-boiling, Wine and Beer Brewing, 
the Distillation of Spirits, the Baking of Bread, the Preparation of Vinegar, the Preser- 
vation of Wood, etc. 

Dr. Wagner gives much information in reference to the production of Potash from 
Sugar-residues. The use of Baryta Salts is also fully described,' as well as the prepa- 
ration of Sugar from Beet roots. Tanning, the Preservation of Meat, Milk, etc., the 
Preparation of Phosphorus and Animal Charcoal, are considered as belonging to the 
Technology of Animal Products. The Preparation of the Materials for Dyeing has 
necessarily required much space ; while the final sections of the book have been de- 
voted to the Technology of Heating and Illumination. 

D. APPLETON & CO., PubHshers. 



DEBCHANEL'S NATURAL PHILOSOPHY. 



Natural Philosophy.- 

AN ELEMENTARY TREATISE, 

By PROriSSOII DISOHANILv of Parta. 

TVufllited, with Eztensfre Addmons, 

Bt J. D. EviRiTT, D. C. L., P. R. a, 

raofwom or hatitkal PHiLOfOPiiT ni tbm ^iamggi% oolumi, bxlfabt. 

1 ToU medtam 8to. IDiiBtrated hf 700 Wood Sngnyings and 8 Colorod Flates. 
Cloth, IIUn.PaUitliedtdMSMiMntelj, In Foot Puis. limp dotfa, Mch $1.1Si 

Put I. MECH AHIGB, HYDBOeTATICS, and PNEUMATICS. Part II. HEAT. 
Part IIL ELEOTRICITT and MAGNETIBIL PvtlY. SOITND and LIGHT. 



Saturday 

**8ysteinatica07 arranged, deariy written, and admiraUy Uhutrated, showing no 
leas than than 700 engravings on wood and Uurae ooloTCd pli^ea, it frame a model work 
for a class of experimental physica. Far fKOk losing in its Rngiiah dress any of the 
qoaUtles of matter or style which distlngoished it in its original tansL, it may be said 
to haye gained in the able hands of Professor Ererett, both by way of arrangement 
and of inoorpwation of ftesh matter, without parting in Uie translation with any of the 
fteshness or force of the aathor*s texi*^ 

Aihenaum. 

** A good worUng dass-book for students in experimental physica." 

Westminster Review, 

"An excellent handbook of physics, especially suitable for self-instruction. . . . 
The work is published in a magnificent style ; the woodcuts especially are admirable.^ 

Quarterly Journal of Science. 

** We have no work in our own scientiflc literature to be compared with it, and we 
are glad that the translation has fidlon into such good hands as those of Professor 
Everett ... It will form an admirable text-book." 

Nature, 

"The engravings with which the work is illustrated are espedally good, a point in 
which most of our English scientiflc works are lamentably deficient. The clearness 
of Doschaners explanations is admirably preserved in the translation, while the value 
of the treatise is considerably enhanced by some important additions. . . . We believe 
the book will be found to supply a real need." 

D. APPLETON & CO., Ne-w York. 
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